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 The mechanism of the reaction of benzoic acid with cyclohexyl isonitrile leading 
to N-cyclohexyl-N-formylbenzamide has been studied quantitatively.  The reaction is first 
order in each reagent and has the activation parameters ∆H‡ = 16.9(5) kcal mol-1 and ∆S‡ 
= −26(1) cal mol-1K-1 in toluene.  There is a dramatic solvent effect: hydrogen bond 
accepting solvents retard the rate of the reaction by deactivation of the carboxylic acid.  A 
plot of log(rate constant) vs β (hydrogen bond acceptor basicity of the solvent) is a 
straight line with a substantial negative slope, implying that the reaction is retarded by 
hydrogen bonding to the solvent but not affected significantly by other solvent properties.  
It is speculated that the related Passerini reaction is affected in a similar matter, although 
quantitative data for this reaction are sparse in the literature. 
 Variation of concentrations allows control over the product distribution in the 
reaction of carboxylic acids and isonitriles.  With low concentrations of the acid, the N-
formylamide is obtained in good yield because low concentrations suppress the 
nucleophilic interception of the intermediate formimidate carboxylate mixed anhydrides 
(FCMAs), which leads to the undesired anhydride and formamide.   
With arylacetic acids, N-formylamides (the products of a unimolecular process) 
are obtained with low concentrations of the reactants and high reaction temperatures.  At 
low temperatures and high concentrations, captodative alkenes (the products of a 
bimolecular process) are obtained instead. 
 In contrast to the high temperatures needed for RNC + RCO2H  N-
formylamide, thioacids react at ambient temperature with isonitriles to give N-
thioformylamides.  Transient intermediates can be observed during the reaction.  Two 
thio-analogues of the FCMA are suggested by NMR spectral evidence.  However, the 
structure of a third intermediate (which forms more slowly than the other two) remains 
unknown.  Several mechanisms for this reaction are kinetically indistinguishable because 
the three intermediates interchange more rapidly than the product-forming step (which is 
irreversible).  The solvent effect observed with carboxylic acids is not observed with 
thioacids, presumably because of the weaker hydrogen bond donating strength of the 
S−H in the thioacid. 
 The mechanism and temperature dependence of the hydride ring opening of a 
phenyl azetidinium cation has been studied.  The reaction with CpRu(dppm)H (dppm = 
bis(diphenylphosphino)methane) is first order in both the hydride and the azetidinium.  
Extrapolation of the rate constant to −64 °C (the temperature at which an analogous 
aziridinium ring opening was previously examined) shows that aziridiniums undergo 
hydride ring opening 106 − 107 times faster.  This result implies that aziridiniums are 
much more electrophilic than azetidiniums, although these two rings have a strain energy 
difference of only 2.1 kcal mol-1. 
 Nucleophilic attack on azetidiniums generally occurs at the less substituted 
position in accords with an SN2 mechanism.  However, with a phenyl substituent, hydride 
transfer by half-sandwich ruthenium complexes occurs preferentially at the more 
substituted position (ca. 5:1) giving the straight-chain amine.  More reactive hydrides 
(borohydrides, LiAlH4) erode this preference. 
 As is the case with electrophilicity, there is a significant difference in the 
reduction potential between a phenyl aziridinium (Epc = −0.93 V vs FcH+/FcH) and a 
phenyl azetidinium (Epc = −1.43 V).  While the phenyl aziridinium has been previously 
shown to undergo single electron reduction by Cp*Ru(dppf)H (E1/2 = −0.63 V, dppf = 
1,1’-bis(diphenylphosphino)ferrocene), the phenyl azetidinium failed to react with the 
same reagent.  The azetidinium did react with decamethylcobaltocene (E1/2 = −1.94 V) 
giving the expected straight-chain ring-opened amine among a mixture of products; none 
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The Reaction of Carboxylic/Thiocarboxylic Acids with Isonitriles 
________________________________________________________________________ 
Chapter 1 
Properties, Synthesis and Reactivity of Isonitriles 
A brief overview of isonitrile chemistry will be provided followed by a 
description of the synthesis of the isonitriles used in later chapters. 
1.1 Discovery and Structure of Isonitriles 
Isonitriles1 were first synthesized by Meyer (1856) and Lieke (1859), although 
they did not recognize them as such, believing they had produced the isomeric nitriles in 
the reaction of silver cyanide with halides such as allyl iodide (eq 1).2  They did note an 
overwhelming pungent odor which forced Lieke to work outdoors.  The characteristic 
foul odor would be a discussion point for many early encounters with isonitriles.2-3  
 
Gautier was the first to deduce the actual isomeric relationship between isonitriles 
and nitriles,4  proposing the two structures in eq 2 which are similar to the modern day 
resonance structure representations of isonitriles (eq 3).   
 
 
Resonance structure A was originally proposed5 by Lindemann and Wiegrebe, 
shortly after Langmuir suggested that each atom in carbon monoxide obeys the octet 
 2 
rule.6  The NC stretching frequencies of isonitriles are closer to that of nitriles than those 
of imines7 (see Section 1.5), suggesting a greater contribution from structure A.  
Furthermore, the intensity of the IR band is greater in isonitriles than those of the 
corresponding nitriles, suggesting a large polarization of the NC bond.8  Dipole moment 
measurements demonstrate negative polarization toward the isocyano carbon, as expected 
from A but not from B.9  Electron diffraction, electron spin resonance and microwave 
studies have unambiguously found that the C-N-C linkage in isonitriles is linear and that 
the C-N bond length in isonitriles is less than 0.02 Å longer than that in the 
corresponding nitriles.9f, 10  Hydrogen bonding studies have demonstrated interaction with 
the isocyano carbon only and not with the nitrogen, further supporting a greater 
contribution from A.11  However, recent modern Valence Bond calculations12 have found 
B, the structure favored by Nef due to reactivity,13 to be the major contributor.14  These 
authors reconcile their calculations and the previous experimental data by suggesting the 
representation in eq 4, which was originally used by Ugi,15 as the best description of an 
isonitrile.  Double bond character has been inferred from bending frequencies,16 while the 
force constant of isonitriles has been measured to be somewhat smaller than that in the 
corresponding nitriles.17 
 
Old literature suggests that isonitriles have surprisingly low toxicity in mammals 
(“oral and subcutaneous doses of 500-5000 mg/kg can be tolerated by mice”).18  
1.2 Stability of Isonitriles 
 Isonitriles irreversibly isomerize to the more stable nitriles above 180 °C, as 
shown in eq 5.19 
 3 
 
 The mechanism of the rearrangement is thought to be internal substituent 
migration to the isocyano carbon, similar to the migrations in the Beckmann20 and in the 
Wolff21 rearrangements.  The transition states shown in Figure 1.1 have been suggested 
by experiments22 and calculations23 for aliphatic and aromatic isonitriles, respectively.  
The rearrangement of p-tolylisonitrile to only p-tolunitrile, without the formation of any 
ortho- or meta- isomers, supports the intramolecular mechanism.24  Furthermore, 
optically active isonitriles have been shown to rearrange with retention of configuration; 
secondary alkyls, such as that in cyclobutylisonitrile, do not undergo Wagner-Meerwin 
type rearrangements25 during isomerization.  Both results imply synchronous bond-
breaking and bond-forming in the transition state.22a, 22e, 22h-j  The isomerization has also 
been induced by radical initiators and UV radiation.26  
Figure 1.1 The transition state of isonitrile isomerization.   
   
Silyl isonitriles exist at room temperature in an equilibrium with their nitrile 
isomer (eq 6).  The nitrile isomer is still thermodynamically favored.27 
 
 Isonitriles oligomerize even near room temperature, an observation made in the 
early days of their investigation.13a, 19a, 28  Oligomerizations can be induced by Lewis 
acids,29 and several controlled polymerization methods have been disclosed.30  The 
 4 
present author has found that filtration of isonitriles as a toluene or dichloromethane 
solution through a plug of oven-dried silica gel (about 0.5 inches in a 5 inch glass pipette) 
effectively removes the resins that form during storage.   
1.3 Acid-Base Chemistry of Isonitriles 
The only quantitative data regarding the basicity of the isocyano carbon is from 
Sung and Chen, who measured the pKa of cyclohexylnitrilium ion (0.86, water, 26 °C).31  
It is not surprising that isonitriles react with strong acids, forming formamides in accord 
with the mechanism in Scheme 1.1,31-32 analogous to the Ritter reaction, Scheme 1.2.33  
Formamides were first obtained by Lieke when he attempted to hydrolyze what he 
believed were nitriles.2a   
Scheme 1.1 The mechanism of acid catalyzed hydrolysis of isonitriles. 
 
Scheme 1.2 The mechanism of the Ritter reaction. 
 
There is a mechanistically uncertain but well precedented transformation of 
isonitriles to amines in acidic alcohol solutions (eq 7).28a, 34  The present author proposes 
the mechanism in Scheme 1.3, where protonation of the isonitrile is followed by 
nucleophilic attack by the alcohol.  The resulting formimidate should be susceptible to 
hydrolysis by adventitious water.  Although there have been no reports of the required 
formate byproduct, the latter may have been lost during workup or an evaporation step.  
 5 
This reaction has recently been applied to the development of a polymer-supported p-
toluenesulfonic acid as an isonitrile scavenger.35 
 
Scheme 1.3 Proposed mechanism for acid alcoholysis of isonitriles. 
 
In contrast, isonitriles are generally stable to base and are often synthesized under 
basic conditions.  Notable exceptions are isonitriles containing α-protons flanked with 
electron-withdrawing substituents, such as a sulfonyl, amido or carboxy functionality (eq 
8), which increase stabilization of the anionic charge.  Bases as weak as diisopropylamine 
induce racemization of these isonitriles.36 
 
1.4 Reactivity of Isonitriles in Organic Chemistry 
In their first 100 years of existence, there was little exploration of the chemistry of 
isonitriles due to their repulsive odors and the lack of a reliable synthesis.  With the 
advent of modern ventilation and robust synthetic routes (see Section 1.6), interest in 
isonitriles synthetically has been engendered by the diverse reactivity of the formally 
divalent carbon; the isocyano carbon can react as either an electrophile or a nucleophile, 
depending on the reaction conditions. 
Isonitriles can react as electrophiles in the presence of powerful nucleophiles.37  
For example, Saegusa and co-workers developed an efficient synthesis of indoles using 
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nucleophilic attack onto the isocyano carbon by ortho-alkyl lithiated phenyl isonitriles 
(Scheme 1.4).38 















Isonitriles can be metalated by silylstannanes39, Grignard reagents40 and 
organolithiums41 (eq 9), yielding acyl anion equivalents.42  Some isonitriles, such as 
methyl, allyl, benzyl or others containing acidic α-hydrogens, are metalated on the alkyl 
group instead.43 
  
The Passerini and Ugi multicomponent reactions, Scheme 1.5, offer classic 
examples of isonitriles reacting as nucleophiles.44   
Scheme 1.5 The Passerini (top) and Ugi (bottom) multicomponent reactions. 
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Mayr and co-workers have quantified the nucleophilicity of isonitriles.45  They 
demonstrated that the range of isonitrile nucleophilicity spans just two orders of 
magnitude, with the most nucleophilic isonitriles (t-Bu, Bn, xylyl) being comparable to 
pyrroles, allylsilanes and silyl enol ethers, while the least nucleophilic isonitriles (4-
cyanophenyl and tosylmethyl) are comparable to furans.  Free cyanide ion is 10−13 
logarithmic units more nucleophilic than isonitriles.46 
The isocyano carbon is also susceptible to radical addition.26c, 47  For example, 
Stork has trapped bromo-acetal radical cyclization adducts with t-butyl isonitrile to form 
target cyclic nitriles (Scheme 1.6).48 
Scheme 1.6 Stork’s radical trapping by t-butyl isonitrile. 
 
Other important α-additions include the addition of bromine/chlorine forming 
isonitrile dihalides13b, 49 (eq 10) and the addition of acid chlorides forming α-keto imidoyl 
chlorides (eq 11).13, 15, 50  Both adducts can undergo secondary transformations. 
 
1.5 Spectroscopic Characteristics of Isonitriles  
 The most diagnostic spectroscopic feature of isonitriles is their IR absorbance 
around 2130 cm-1, with aliphatic isonitriles generally absorbing at higher wavenumbers 
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than aromatic isonitriles.  No other organic functional group absorbs in this region 
(nitriles absorb about 100 cm-1 higher).7, 11d, 11f, 51  Loss of CN is common in the electron 
impact mass spectroscopy of isonitriles.52  In the 13C NMR, the isocyano carbon signal is 
typically 150 - 170 ppm.53  The 1H NMR chemical shifts of protons adjacent to the 
isocyano nitrogen are similar to the corresponding protons of the parent amines and 
formamides.  However, the α and β hydrogens of isonitriles sometimes show splitting 
from 14N, due to slow quadrupolar relaxation in the highly symmetric electronic 
environment as the result of a very small field gradient at nitrogen.22a, 54  For example the 
methyl protons of t-butyl isonitrile give rise to a triplet at 1.45 ppm (JNH = 2 Hz).  
Similarly, Figure 1.2 shows the methine proton of isopropyl isonitrile observed as a 
septet (split by the six methyl 1H, JHH = 6.6 Hz) of triplets (split by the 14N, JNH = 1.7 
Hz). 
Figure 1.2 The 1H NMR (CDCl3, 300 MHz) spectrum of (H3C)2CH-NC. 
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1.6 Synthesis of Isonitriles 
Although it was first reported by Lieke and Meyer,2 Gautier is often given credit 
for the silver cyanide method (eq 1, section 1.1) because of his early contributions to 
isonitrile chemistry.3a, 4, 19a, 55  Gautier’s attempts to dehydrate N-monosubstituted 
formamides to isonitriles failed because he did not add base to quench the strong acid 
which was also liberated.19a  Hofmann, another early investigator of isonitriles, first 
reported the transformation of amines into isonitriles by potassium hydroxide and 
chloroform (“the carbylamine method,” eq 12) in 1867.3b, 56  The next major advance in 
isonitrile synthesis occurred 90 years later: Ugi and co-workers successfully dehydrated 
N-monosubstituted formamides with oxalyl chloride or phosphorous oxychloride in the 
presence of excess base.57  Shortly thereafter they reported that dehydration was best 
achieved by phosphorous oxychloride with 2.7 equiv of diisopropylamine (DIPA, eq 
13).58  Other dehydrating conditions have been reported.59   
  
 
The desulfurization of an isothiocyanate to an isonitrile has been accomplished60 
in a complex molecule; the method also deoxygenates isocyanates.61  The conversion of 
amines into isonitriles by the dichlorocarbene generating thermal decomposition of 
trichloroacetate gives disappointing yields (eq 12 with this reagent).62  Alcohols can be 
converted into isonitriles with TMSCN and an activator.63  Deprotonation of oxazoles 
results in an equilibrium between the anion and a ring-opened α–isocyano enolate.64  The 
latter can be acylated to give purportedly fragrant, unsaturated isonitrile esters (eq 14).65 
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The isonitriles (1) used in the present work are shown in Figure 1.3.  They were 
either commercially available (1a-1b, 1d-1e, 1i, 1k-1m, 1t) or synthesized (1c, 1f-1h, 1j, 
1n-1s) by a modified version of Ugi’s POCl3/DIPA method.58  Notably, the reaction was 
found to be complete within 10 minutes rather than 1-8 h, and the slow bicarbonate 
quench, during which some isonitrile decomposition occurs, was found to be 
unnecessary.  
Figure 1.3 Isonitriles used in this work. 
 
1.7 Experimental Section 
Dichloromethane (DCM) was purified by a Grubbs system.66  Diisopropylamine 
(DIPA) was distilled from calcium hydride.  2-Chloro-6-methylphenyl isonitrile was 
dried in vacuo.  Aromatic isonitriles were stored at −15 °C and aliphatic isonitriles were 
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stored at −5 °C.  N-Substituted formamides were prepared by standard methods67 or were 
commercially available. 
NMR spectra were recorded with a 300 MHz Bruker spectrometer in CDCl3 and 
are referenced to TMS or CHCl3 (1H δ7.26).  IR spectra were obtained neat as a thin film 
on a NaCl salt plate. 
Isonitriles were prepared by a modified version of the procedure reported by Ugi.58 
2-Trifluoromethylphenyl isonitrile (1q). 
To a stirring 0 °C mixture of DIPA (2.7 equiv, 4.3 mL) and N-(2-
trifluoromethylphenyl)formamide68 (2.12 g) in DCM (0.9 M, 12.44 mL) was added 
POCl3 (1.1 equiv, 1.15 mL) dropwise under argon.  After 5 min at 0 °C and 15 min at 
room temperature, 3 mL water was added and mixed vigorously until the organic layer 
became clear.  The organic layer was separated, loaded onto a short silica gel flash 
column, and eluted with DCM to give 1.7 g (89%) of a foul smelling off white solid.  1q 
melts near room temperature to a blue liquid, which resolidifies to an off-white solid on 
cooling. 1H NMR (300 MHz, CDCl3, δ): 7.53-7.62 (m, 3H, Ar), 7.72-7.74 (m, 1H, Ar).  
IR (cm-1): 2126. 
4-Methylphenyl isonitrile (1c). 
2.184 g of the corresponding formamide yielded 1.8 g (95%) as a foul-smelling yellow 
liquid after drying in vacuo 20 min. 1c darkened during storage. 1H NMR (300 MHz, 
CDCL3, δ): 2.84 (s, 3H, CH3), 7.18-7.29 (m, 4H, Ar).  IR (cm-1): 2125. 
4-Diethylaminophenyl isonitrile (1g). 
1.43 g of the corresponding formamide yielded 1.165 g (90%) as an orange solid. 
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1H NMR (300 MHz, CDCL3, δ): 1.16 (t, 6H, J=7 Hz, N(CH2CH3)2), (q, 4H, J=7 Hz, 
N(CH2CH3)2), 6.53-6.56 (m, 2H, Ar), 7.17-7.20 (m, 2H, Ar).  IR (cm-1): 2116. 
3-Trifluoromethyphenyl isonitrile (1p). 
2.78 g of the corresponding formamide69 yielded 2.0 g (80%) as a foul-smelling yellow 
liquid which became dark green after drying in vacuo 10 min.  1p is somewhat volatile. 
1H NMR (300 MHz, CDCl3, δ):  7.56-7.58 (m, 2H, Ar), 7.65-7.70 (m, 2H, Ar). 
IR (cm-1): 2129. 
Phenyl isonitrile (1h). 
2.35 g of the corresponding formamide yielded 790 mg (40%) of the foul-smelling 
liquid70 after drying in vacuo briefly. The liquid 1h darkens on storage and is volatile. 
3-Bromophenylisonitrile (1j). 
2.06 g of the corresponding formamide yielded 1.53 g (81%) of a foul-smelling yellow 
liquid which became dark green after drying in vacuo 10 min.  The liquid 1j is somewhat 
volatile.  1H NMR (300 MHz, CDCL3, δ): 7.28-7.37 (m, 2H, Ar), 7.55-7.59 (m, 2H, Ar). 
IR (cm-1): 2126. 
4-Bromophenyl isonitrile (1o). 
2.549 g of the corresponding formamide yielded 2.2 g (95%) as a foul-smelling white 
solid.70  IR (cm-1): 2126. 
4-Chlorophenyl isonitrile (1n). 
2.715 g of the corresponding formamide yielded 2.1 g (88%) as a foul-smelling pale 




4-Nitrophenyl isonitrile (1r). 
2.69 g of the corresponding formamide yielded 2.35 g (98%) as a yellow solid58 with a 
mild odor. 
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The Mechanism of the Reaction with Carboxylic Acids and Isonitriles 
Leading to N-Formylamides 
The mechanism studied in this chapter features a Mumm rearrangement. 
2.1 The Mumm Rearrangement 
In 1910, Mumm attempted to synthesize isoimides by the reaction of imidoyl 
chlorides with carboxylates but instead isolated diamides, the products of an apparent 1,3 
ON acyl transfer (Scheme 2.1).1 
Scheme 2.1 The Mumm rearrangement. 
 
 
 In 1965, Curtin and Miller were able to isolate the isoimide intermediates in low 
yields by decreasing the nucleophilicity of the nitrogen with a 2,4 dinitrophenyl 
substituent (Scheme 2.2).2  These isoimides rearranged on heating to the diamides.  The 
rate of this process was found to increase with the electrophilicity of the migrating acyl 
(X = NO2 > Br > H > OMe), whereas the rate of isoimide (Z) to (E) isomerization should 
not vary much with changes in substituent X.  Darbeau was able to observe isoimides in a 
related system by 1H NMR (Scheme 2.3), found a value of Keq close to unity, and found 
that the (Z) to (E) isomerization is faster than Curtin’s kobs.3  Only the (E) geometry has 
the lone pair on nitrogen in reach of the migrating acyl (Figure 2.1). 
                                                 




Figure 2.1 The (E) and (Z) geometries of isoimide intermediates. 
 
Scheme 2.2 Isolation of isomides and the kinetics of their rearrangement. 
 
 
Scheme 2.3 The observation of imidate mixed anhydrides in the thermal decomposition 





 Curtin and Miller found that for X = H, the reaction in Scheme 2.2 was 1.9 times 
faster at “42.86 °C” in MeCN than in benzene, a rather modest solvent effect.  This result 
is consistent with charge buildup in the transition state (Figure 2.2).  The solvent effect 
reported for the Mumm rearrangement will be compared to our findings in Sections 
2.4−2.5. 
Figure 2.2 The transition state of the Mumm rearrangement. 
 
Curtin’s work suggests that the rearrangement will be inhibited by a decrease in 
nucleophilicity at nitrogen.  Schwarz has provided quantitative support for this.4  Overall, 
the rearrangement is faster with nucleophilic nitrogens and with electrophilic migrating 
acyls. 
Mumm rearrangements of isoimides with R2 = H, have not been studied since the 
requisite imidoyl chloride is not available.  Imidoyl chlorides are normally prepared by 
chloro-dehydration of amides (Scheme 2.4), but under these conditions formamides 
produce isonitriles instead (Chapter 1.6-1.7). 





The historical background of the two-component reaction of isonitriles and 
carboxylic acids is presented to place our results (Sections 2.3-2.5) in context.  
2.2 Chronology of RNC + RCO2H  
In 1869, Gautier reported that isonitriles (1) react with carboxylic acids (2) to 
produce anhydrides and formamides (eq 1).5  Gautier did note that a solid residue 
remained after distillation of the products, which we speculate was the corresponding N-
formylamide (3, vide infra). 
 
 The possibility that N-formylamides could be formed from 1 and 2 was first 
suggested by Hoy and Poziomek in 1968.6  In their study of the pyrolysis of N-
formylacetamides (3, R2 = Me) and the accompanying imide-isomide rearrangement, they 
found that heating 3 at 400 °C gave primarily nitriles (the product of an irreversible 
isonitrile rearrangement at that temperature, see Chapter 1.2), but the odor of isonitriles 
could be detected if the reaction was stopped early.  A compilation of their schemes gives 
the possible processes shown in Scheme 2.5. 
Scheme 2.5 Possible pathways of N-formylacetamide pyrolysis. 
 
The only time that Hoy and Poziomek treated an isonitrile with a carboxylic acid 
the reaction was conducted at 325 °C in a sealed tube.  They obtained mostly amide (CO 
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evolution was not specified), with some nitrile and formamide (eq 2).  Despite their 
conjectures, they never probed further the reaction starting from isonitriles and carboxylic 
acids.  A citation search reveals that their study has gone largely unnoticed. 
 
 In 2008, the Danishefsky group pursued the formation of 3 from 1 and 2 in the 
context of peptide synthesis using microwave heating (eq 3).7  In the proposed 
mechanism, Scheme 2.6 path b, 1 and 2 form a formimidate carboxylate mixed 
anhydride, or FCMA (4), with interconverting (Z) and (E) isomers.  The (E)-FCMA can 
then undergo a 1,3 ON acyl transfer (Mumm rearrangement, path b)1a, b to give 3.  
These steps are supported by DFT calculations.8  Gautier’s products can be understood as 
arising from nucleophilic interception of 4 by 2, path a. 
 
Scheme 2.6 Mechanisms of product formation from isonitriles and carboxylic acids. 
 
 Only indirect support for this mechanism has been provided.  It has been noted 
that no “in hand product”/intermediate is observed upon mixing 1 and 2.9  However, the 
addition of external nucleophiles results in products consistent with the generation of a 
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powerful acylating agent such as 4 from a carboxylic acid.7a, 7c, d, 9-10  A few examples are 
given in Figure 2.3.   No quantitative mechanistic work on the reaction leading to 3 has 
been conducted prior to the present work. 
Figure 2.3 Indirect evidence for the transient generation of a powerful acylating agent. 
 
2.3 Initial Investigation Using DMSO-d6 
 Coordinated isonitriles are known to be subject to nucleophilic attack,11 
particularly when ∆ν(NC) in the IR is at least + 40 cm-1 above that of the free isonitrile.12  
However there is not a single example reported with a carboxylate as the nucleophile.  
The idea for catalysis in Scheme 2.7 was tested.  Nucleophilic attack on a coordinated 
isonitrile by a carboxylate could generate a metallo analogue of the FCMA (“metallo-
FCMA”).  If the (E)-isomer can be obtained, subsequent Mumm rearrangement would 
give an acyl complex.  Potentially, the proton from the carboxylic acid can cleave the 






Scheme 2.7 Proposed catalytic cycle for the reaction of carboxylic acids and isonitriles. 
 
 Several isonitrile complexes ([CpCo(dppe)CNR][BF4]2, cis-Cl2Pd(PPh3)CNR13, 
Cl-Au-CNR14, Cl-Cu-CNBn15, and [Pt(CNnBu)4][PF6]216)‡ were treated with carboxylic 
acids and carboxylates.  However, no reaction was observed under any conditions. 
The difficulty encountered with catalysis prompted a mechanistic investigation of 
the uncatalyzed reaction. Matteo Parravicini, a visiting graduate student in the Norton 
group, monitored the reaction of benzoic acid (2a) with at least a 10-fold excess of 
cyclohexylisonitrile (1a) in DMSO-d6 at 110 °C.  By monitoring both the disappearance 
of 2a and the formation of the N-formylamide product (3aa) by 1H NMR analysis and 
plotting each versus time, the reaction was determined to be first order in benzoic acid.  
Performing the analogous pseudo first order kinetics at three additional concentrations of 
the isonitrile gave the plot (kobs vs [CyNC]) in Figure 2.4.  The slope of the plot gives the 
second order rate constant 3.6(1) × 10-5 M-1s-1 in DMSO at 110 °C.  The intercept is 
statistically zero (small and has an error larger than itself).  
                                                 
‡dppe = 1,2-bis(diphenylphosphino)ethane.  Wesley Sattler (Parkin group) solved an X-ray structure for Dr. 
Ling Li, a former Norton postdoc, for R = benzyl in [CpCo(dppe)CNR][PF6]2.  The CO analogue of this 
complex was previously reported: Bao, Q. B.; Rheingold, A. L.; Brill, T. B. Organometallics 1986, 5, 
2259.  The present author synthesized many of the cobalt isonitrile complexes and tested all of the 
complexes listed.   
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Figure 2.4 The reaction of benzoic acid with excess cyclohexyl isonitrile in DMSO-d6 at 
110 °C. 
                   
 
2.4 Kinetics in Toluene 
 The related Passerini reaction (eq 4) is said to be faster in nonpolar solvents.17 
   
Synthetic studies of the present work (Chapter 3) found that the reaction in eq 3 
proceeds efficiently in toluene using conventional heating.  Good yields were obtained at 
high dilution, presumably because low acid concentrations suppress nucleophilic 
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interception of FCMA intermediates (path a, Scheme 2.6 vide supra).  High dilution also 
simplifies the kinetics: at high concentrations in non-hydrogen bonding solvents, 
carboxylic acids exist in equilibrium with their dimers (Scheme 2.8).18  
Scheme 2.8 Benzoic acid in equilibrium with its hydrogen-bonded dimer   
 
Presumably, only the free carboxylic acid monomer can react with an isonitrile.  
If the equilibrium is rapidly maintained we can apply a pre-equilibrium treatment 
(Scheme 2.9). 
Scheme 2.9 Proposed reaction mechanism when there is a monomer/dimer equilibrium. 
 
The rate law for the above mechanism is given in eq 5, where [Acid] = the 
concentration of monomeric acid and [Dimer] = the concentration of acid dimer.   
 
Since the fraction of acid that is monomeric varies with the total concentration, 
we must find a general expression for [Acid].  Let T equal the total [Acid] present at any 
time (eq 6).  Rearrangement of eq 6 gives an expression for [Dimer], eq 7, in terms of T 
and [Acid].  The equilibrium constant, KD, is given in eq 8 and can be expressed in terms 
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of [Acid] and T.  Rearranging the latter gives the quadratic in eq 9.  [Acid] can be solved 
by taking the positive root (eq 10).  Plugging into the rate law gives the exact solution in 
eq 11.   
 
Eq 11 can be simplified under certain conditions.  If we remove KD2 from the 
square root, we obtain eq 12.  When T < KD (the total concentration T is small under 
sufficiently dilute conditions), the second term of the root is less than 1, allowing us to 
introduce the power series given in eq 13.  Reducing and canceling gives the simplified 
rate law in eq 14. 
 
This result makes chemical sense.  As the overall concentration decreases, the 
dimer/acid equilibrium shifts to the right.  With sufficient dilution: the amount of dimer is 
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negligible; the equilibrium can be ignored; [Acid] ≈ T; and the rate law in eq 14 is 
correct. 
Benzoic acid (2a) equilibrium dimerization constants (KEQ = 1/KD) at several 
temperatures (30−60 °C) in benzene have been reported, along with the extracted ∆H° 
and ∆S° values.18a  Assuming the behavior of 2a in benzene and in toluene is similar, we 
can use the Clausius-Clapeyron equation to determine KD at other temperatures.  We find 
that KD (0.02−0.03) is at least an order of magnitude higher than T (0.001−0.002 M) 
throughout the study.  The amount of dimer is no larger than 5% under these conditions. 
The reaction was confirmed to be first order in each reagent in toluene-d8 by 
monitoring the reaction of 2a (ca. 0.002 M) with at least a 15-fold excess of CyNC 1a at 
95 °C.  Figure 2.5 shows the plot of kobs vs [CyNC] with a slope (the second order rate 
constant) of 1.3(1) × 10-3 M-1s-1.  The intercept is very small and is almost equal in 
magnitude to its uncertainty.  When the linear fit is forced through zero, the rate constant 
obtained, 1.4 × 10-3 M-1s-1, is little changed.  These results confirm that the rate law is eq 
14 (above).  Interestingly, the reaction is 36 times faster in toluene at 95 °C than in 










Figure 2.5 The reaction of benzoic acid with excess cyclohexyl isonitrile in toluene-d8 at 
95 °C. 
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 The activation parameters were measured by varying the temperature of the 
reaction in toluene-d8 and fitting the data to the Eyring equation (Figure 2.6).  The linear 
fit gives ∆H‡ = 17.1(6) kcal mol-1 and ∆S‡ = −25(1) cal mol-1K-1, and the exponential fit 
gives ∆H‡ = 16.9(5) kcal mol-1 and ∆S‡ = −26(1) cal mol-1K-1.  The values from each fit 
are within error of each other.  The entropy of activation is consistent with a second order 
process. The rate constant in toluene at 110 °C, 3.6(1) × 10-3 M-1s-1, is 100 times faster 
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than in DMSO at the same temperature.  The same rate constant in toluene was obtained 
at both 0.002 and 0.001 M acid concentrations, confirming the approximation that the 
monomer/dimer equilibrium can be ignored.   
Figure 2.6 The temperature dependence on the reaction of benzoic acid with cyclohexyl 
isonitrile yielding N-cyclohexyl-N-formylbenzamide in toluene-d8. 
 
 
                                      A                                                                    B 
(A) Linear Eyring Plot (ln(k/T) vs 1/T). 










= , R2 = 0.9985. 
 
2.5 Solvent Effect 
The observed solvent effect must be due to the first step of the mechanism 
(FCMA formation) since studies on the Mumm rearrangement have shown only a small 
acceleration in more polar solvents (Section 2.1).2  Thus, we must consider how the first 
step occurs.  FCMA formation cannot occur by protonation of the isonitrile followed by 
carboxylate attack.  Although hydrogen bonding to isocyano carbons has been studied,19 
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there is limited quantitative data available regarding the basicity of this carbon.  To our 
knowledge the only reported pKa is N-cyclohexylnitrilium ion (0.86 in water, 26 °C)20 
(there are reports of gas phase proton affinity measurements for other isonitriles21).  So 
protonation by the weak carboxylic acid (pKa = 4.2 for benzoic acid in water at 25 °C) is 
far uphill.  Furthermore, the fact that the reaction is faster in toluene than in DMSO 
suggests a non-ionic mechanism.   
We have also found that the addition of tetrabutylammonium benzoate has no 
effect on the reaction rate, although anhydride/formamide formation does increase as the 
benzoate concentration is increased.  This result supports the presumption that the 
undesired anhydride/formamide arise from nucleophilic interception of FCMA 
intermediates (path a, Scheme 2.6, vide supra). 
We favor formation of 4 by a concerted α-addition proceeding through a 5-atom 
transition state (Figure 2.7-A), as suggested by DFT calculations.8  The solvent effect can 
then be explained by deactivation of the carboxylic acid by hydrogen bonding in acceptor 
solvents (Figure 2.7-B).  Hydrogen bonding of the acid to the solvent would impede the 
isonitrile’s ability to add to the carbonyl and hydroxyl as required for the concerted 
addition.  Hydrogen bonding of benzoic acid to DMSO, among other solvents, has been 
demonstrated by IR spectroscopy.22 
Figure 2.7 
 
(A) FCMA formation by a concerted α-addition reported by DFT calculations. 
(B) Rationale for the observed rates by hydrogen bonding deactivation in acceptor solvents.   
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To test this hypothesis we tried the reaction in solvents with varying hydrogen 
bond acceptor basicities.  The results summarized in Table 2.1 show the following rates: 
TCE > bromobenzene > toluene > anisole > butyronitrile > dibutyl ether > DMSO 
Table 2.1 The reaction of benzoic acid with excess cyclohexyl isonitrile at 110 °C. 
 
Solvent ksol (M-1s-1)a 
Tetrachloroethane-d2 (TCE) 7.0(3) × 10-3 
Bromobenzene-d5 5.7(1) × 10-3 
Toluene-d8 3.6(1) × 10-3 
Anisole 1.5(1) × 10-3 
Butyronitrile 8.1(4) × 10-4 
Dibutyl ether 4.1(3) × 10-4 
DMSO-d6 3.6(1) × 10-5 
aReactions in non-deuterated solvents were monitored by HPLC.  
Table 2.2 shows that solvent polarity, as measured by charge transfer energies, 
E(N/T) and the solvent’s dielectric constant,23 does not correlate with the observed trend 
in reaction rates.  However, the solvent’s ability to accept hydrogen bonds (β values) 
does.24  These β values were measured by Kamlet, Taft and co-workers, comparing in 
each solvent the maximum of the charge-transfer band of 4-nitroaniline (which is shifted 
to lower energy by hydrogen bonding) with that of N, N-diethyl-4-nitroaniline (which is 
incapable of hydrogen bonding).23, 25  They derived the β1 scale by defining β1 = 1 as the 
∆∆ν (2800 cm–1) observed in HMPA.  Other β scales were based on hydrogen bond 
formation constants or NMR chemical shifts.  The average of five scales (β1−β5) gave the 
βsolvent listed in the table.  It should be noted that β for a given hydrogen bond acceptor 
differs slightly when measured for bulk solvent vs when it is measured for a solute;26 the 
solvent values are used in this analysis. 
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Table 2.2 Solvents in descending reaction rates compared to solvent properties. 
 
Solvents in Descending 
Reaction Rates βsolvent
a
 E(N/T)c Dielectricc 
Tetrachloroethane-d2 0 0.269 8 
Bromobenzene-d5 0.06 0.182 3.9 
Toluene-d8 0.11 0.099 2.38 
Anisole 0.22 0.198 4.3 
Butyronitrile 0.37b 0.364 24.5 
Dibutyl ether 0.46 ---- 3.08 
DMSO-d6 0.76 0.444 47 
aKamlet’s βsolvent scale.24a   bValue for propionitrile. cValues from Reichardt.23 
A plot of log(ksol) vs βsolvent (Figure 2.8) is a straight line with a substantial 
negative slope, implying that the reaction is impeded by hydrogen bonding to the solvent 
but not affected significantly by the solvent properties measured by other parameters.  
Generating a similar plot using βsolute (not shown) gives a worse fit, as expected. 
Figure 2.8 The plot of log(ksol) vs hydrogen bonding accepting basicity (β) demonstrates 
a linear relationship between the solvent parameter and the reaction rate.a 
           
 
                         
            aAll rate constants measured at 110 °C. 
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To our knowledge the only other report of a reaction exhibiting a linear decrease 
in log(k) vs β is hydrogen atom abstraction by free radicals (for example eq 15).27 
   
The solvent effect on the rate of the Passerini reaction28 (Scheme 2.10) has not 
been investigated quantitatively.   
Scheme 2.10 The mechanism of the Passerini reaction. 
 
The only kinetics study reported to date is by Baker, who has demonstrated a 
third-order rate law (first order in each reactant) in CCl4.17b  He has also reported that the 
reaction stalled in ether.  Dichloromethane is often utilized as a “non-polar solvent” for 
the reaction.29  We may speculate that the Passerini reaction is actually faster in non-
hydrogen bonding solvents, not in non-polar solvents: increasing the strength of the 
solvent hydrogen bond basicity (β-scale) may deactivate the carboxylic acid, while 
increasing the strength of the solvent hydrogen bond donor acidity (α-scale)24a, 30 may 
deactivate the isonitrile.  Hydrogen bonding to the isocyano carbon is well established.19   
The fact that solvent-free conditions29, 31 have been shown to be optimal for the 
Passerini reaction is a reflection of third order kinetics.17b  Calculations have recently 
suggested that the Passerini reaction involves mediation by a second equivalent of acid32, 
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although these authors make no mention of the third-order kinetics experimentally 
established by Baker.17b, 33  
Since most hydrogen-bond donating solvents are nucleophilic, the effect of 
hydrogen-bond donation to an isonitrile cannot be tested in RNC + RCO2H  N-
formylamide because the solvent will intercept the FCMA intermediates.  Nucleophiles 
as weak as formamides have been shown to intercept FCMA intermediates (e.g. Figure 
2.1, vide supra).10 
The related Ugi reaction (Scheme 2.11) does not exhibit the same solvent effect as 
the Passerini reaction.17a, 34  In the Passerini reaction, nucleophilic attack by an isonitrile 
on the ketone/aldehyde requires activation of the carbonyl by hydrogen bonding with the 
carboxylic acid.  In the Ugi reaction, the carboxylic acid can protonate the imine to 
activate the latter toward nucleophilic attack by an isonitrile. 
Scheme 2.11 The mechanism of the Ugi reaction. 
 
 In summary, the reaction of carboxylic acids and isonitriles leading to N-
formylamides is first order in each reagent and has the activation parameters ∆H‡ = 
16.9(5) kcal mol-1 and ∆S‡ = −26(1) cal mol-1K-1 in toluene.  There is a dramatic solvent 
effect:  hydrogen-bond accepting solvents retard the rate of the reaction by deactivation 
of the carboxylic acid. 
2.6 Experimental Section 
 All deuterated solvents and anisole were dried with 4 Å molecular sieves that 
were activated by heating (> 160 °C) under vacuum for at least 24 h.  Toluene was 
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purified by a Grubbs system.35  1,4-Dioxane and dibutyl ether were distilled from 
sodium/benzophenone under nitrogen.  Butyronitrile was distilled from P2O5 under 
nitrogen.  Cyclohexyl isonitrile (99%) was purchased from Alfa Aesar, stored at −5 °C 
and used without further purification. 
Procedure for kinetic runs monitored by NMR 
 On the bench, stock solutions of benzoic acid (+ 1 crystal of 
hexamethylcyclotrisiloxane) and cyclohexyl isonitrile in the appropriate solvent were 
prepared in 1 mL volumetric flasks.  An aliquot of each solution was added to a 1 mL 
volumetric flask using Hamilton 100 µL syringes, before being diluted to 1 mL and 
transferred to a screw-cap NMR tube.  At t = 0, a 500 MHz 1H NMR spectrum was 
recorded.  The benzoic acid multiplet near δ 8.1 was set to 2.0, and used to derive the 
integral of the internal standard.  The reaction was heated in a constant temperature oil 
bath.  Periodically, the reaction was cooled in ice water and NMR data were recorded.  
The appearance of product (singlet, near δ 8.6) and the disappearance of benzoic acid 
were monitored by integration against the internal standard, which was set to the t = 0 
value.  Data were plotted and fitted using KaleidaGraph software. 
Procedure for kinetic runs monitored by HPLC 
 Solutions using toluene as the internal standard were prepared in the same way as 
the NMR runs.  The reaction was heated in a constant temperature oil bath.  Periodically, 
the reaction was cooled in ice water and aliquots were removed for analysis on a 
Shimadzu HPLC using a C18 reverse phase column with a flow rate of 1 mL/min.  
Reactions in anisole were eluted with a gradient (065% MeOH/H2O over 10 mins), 
while reactions in butyronitrile and dibutyl ether were eluted with 65% MeOH/H2O. 
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toluene-d8 90 0.002 0.0499 0.00250 0.9959 8.6×10-4 
toluene-d8 90 0.002 0.0499 0.00322 0.9983 1.1×10-3 
toluene-d8 90 0.002 0.0499 0.00318 0.99868 1.1×10-3 
toluene-d8 95 0.002 0.0306 0.00255 0.99746 1.4×10-3 
toluene-d8 95 0.002 0.0402 0.00339 0.99779 1.4×10-3 
toluene-d8 95 0.002 0.0434 0.00357 0.99649 1.4×10-3 
toluene-d8 95 0.002 0.0499 0.00406 0.99803 1.4×10-3 
toluene-d8 100 0.002 0.0241 0.00303 0.99809 2.1×10-3 
toluene-d8 100 0.002 0.0241 0.00282 0.99787 2.0×10-3 
toluene-d8 100 0.002 0.0241 0.00278 0.99831 1.9×10-3 
toluene-d8 110 0.002 0.0257 0.00577 0.99758 3.7×10-3 
toluene-d8 110 0.002 0.0257 0.00553 0.99967 3.6×10-3 
toluene-d8 110 0.002 0.0257 0.00554 0.99847 3.6×10-3 
toluene-d8 110 0.001 0.0209 0.00449 0.99664b 3.6×10-3 
toluene-d8 115 0.002 0.0241 0.00696 0.99646 4.8×10-3 
aThe uncertainty in the isonitrile concentration suggests only two significant, but an extra 
significant figure was used for calculations of k.  See error analysis below.  bSample plot 
provided (follows error analysis).   
 












Sample kinetics plot 
 













Plot of kobs vs [CyNC] (toluene-d8, 95 °C, slope = second order rate constant M-1s-1): 
 










Eyring exponential fit 













Eyring linear fit 
 





























C2D2Cl4a 110 0.002 0.0306 0.0133 0.99698 7.2×10-3 
C2D2Cl4 110 0.002 0.0306 0.0132 0.99822 7.2×10-3 
C2D2Cl4 110 0.002 0.0306 0.0121 0.99669 6.6×10-3 
C2D2Cl4 110 0.002 0.0306 0.0126 0.9961 6.9×10-3 
C6D5Brb 110 0.002 0.0306 0.0104 0.99896 5.7×10-3 
C6D5Br 110 0.002 0.0306 0.0105 0.99793 5.7×10-3 
C6D5Br 110 0.002 0.0306 0.0104 0.99809 5.7×10-3 
anisole 110 0.002 0.0302 0.0246 0.99795 1.4×10-3 
anisole 110 0.002 0.0302 0.0260 0.99852 1.4×10-3 
anisole 110 0.002 0.0302 0.0289 0.99684 1.6×10-3 















(n-Bu)2O 110 0.01 0.599 0.0138 0.99765 3.8×10-4 
(n-Bu)2O 110 0.01 0.599 0.0155 0.99785 4.3×10-4 
atetrachloroethane-d2. bbromobenzene-d5. cupper data corresponds to product formation 
and lower data corresponds to acid disappearance. dLimited to two significant figures 
based on the error in the isonitrile concentration.  An extra significant figure was used for 
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The Reaction of Carboxylic Acids with Isonitriles using Conventional 
Heating† 
3.1 Synthesis of N-Formylamides Using Low Concentration of Carboxylic Acids 
The Danishefsky group reported the synthesis of N-formylamides (3) from 
isonitriles (1) and carboxylic acids (2) only with microwave irradiation.1  Furthermore, 
they explored the reaction in the context of peptide synthesis, with not a single example 
using an aromatic isonitrile.  We therefore set out to see how the reaction worked with 
conventional heating and to try aromatic and simple aliphatic isonitriles.   
The idea that anhydride and formamide2 arise from nucleophilic interception of 
FCMA (formimidate carboxylate mixed anhydride) intermediates by acid (Scheme 2.6 
reproduced as Scheme 3.1) suggested that syringe pump addition of the acid would 
minimize the formation of these byproducts.3  Good yields of the target N-formylamides 
were obtained by this method (Table 3.1).  The results (Tables 3.1 - 3.7) show high 
tolerance of functional groups on each component, e.g., of nitro, halo, cyano, pyridyl, 
thienyl, ether, carbomethoxy, acetyl, tertiary amino and trifluoromethyl substituents; the 
reaction also tolerated unprotected indoles, and both isolated and conjugated double 
bonds. 
Scheme 3.1 Possible pathways for the reaction of isonitriles and carboxylic acids. 
 
                                                 
†
 Most of the work described in Sections 3.1 and 3.2 has been published: Tetrahedron Lett. 2011, 52, 2933 
and Tetrahedron 2012, 68, 10236. 
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Table 3.1 Syringe pump addition of carboxylic acids to isonitrile in toluene at 110 °C.a 
+
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 A 0.02 M toluene solution of the acid was added over the course of 45 h to 2 equiv of 
the isonitrile in 2 mL toluene at 110 °C.  bIsolated yields based on acid 2. 
 
 The formyl group in 3 shows a characteristic singlet in the 1H NMR at δ 8.7−9.3 
for products derived from aliphatic isonitriles (R1 = alkyl), and δ 9.4−9.8 for R1 = aryl.  
In the 13C NMR the formyl carbon signal is δ 161−165 and the amide carbon is δ 
169−175.  These two signals are unambiguously distinguished by their relative intensity 
in a 1H decoupled spectrum; the formyl carbon has a shorter relaxation time because it 
bears a hydrogen, leading to a signal intensity typical of C−H.  The IR shows carbonyl 
stretching frequencies around 1725 and 1685 cm-1.  The chemical ionization (MeOH) 
mass spectrum of 3 shows a characteristic [M−28+1]+ fragment corresponding to 
decarbonylation of the formyl group; this peak is dominant with electron-poor systems, 
such as the products derived from 4-nitrobenzoic acid and 4-cyanobenzoic acid.  A 
formamide fragment (R1NCHO + 1) is also typically observed for 3. 
Many carboxylic acids are not fully soluble in toluene at room temperature, 
making syringe pump addition impractical.  Table 3.2 shows results of the reaction with 
several such acids.  Those with limited solubility in toluene even at 110 °C mimic the 
effect of slow addition:  the low acid concentrations limit FCMA interception, so yields 
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of the N-formylamide are high.  Examples are offered by the reaction of 2h (0.05 M in 
toluene) with the isonitriles 1a, 1c, 1f, or 1g for 48 h. Likewise, the reaction of 2i with 1a, 
1g, 1h or 1i for 24 h gives good yields (longer reaction times lead to significant 
decarbonylation of the formyl group in these products).  It has been previously suggested 
that electron poor systems decarbonylate more readily.4  This observation is parallel to 
the relative ease of decarbonylation observed in mass spectroscopy of products 3, as 
noted above. 
Table 3.2 Reaction of carboxylic acids with isonitriles in dilute toluene at 110 °C. 
Isonitrile Acid  Product (Yield)a 
 
1a  2hb  3ah (70%) 
 
 





2h  3ch (89%) 
 
 










































aIsolated yields based on acid 2.  b0.05 M, 48 h.  c0.05 M, 24 h.  d0.02 M, 24 h.  e0.05M, 3 d. 
2-Picolinic acid (2k) fully dissolves in hot toluene (110 °C, 0.05 M), but its 
reaction with cyclohexyl isonitrile (1a) takes 3 days.  We speculate that 2k exists as a 
hydrogen-bonded dimer or as its zwitterionic tautomer,5 impeding FCMA formation 
(Figure 3.1).  4-Nitrobenzoic acid (2j) also fully dissolves under the reaction conditions.  
High yields of the corresponding N-formylamides (3aj and 3jj) are obtained, presumably 
because of the low nucleophilicity of this acid.  Benzoic acid, 4-toluic acid and 4-






Figure 3.1 2-Picolinic acid hydrogen-bonded dimer. 
 
3.2 Reactivity of Arylacetic Acids with Isonitriles 
Shortly after Danishefsky’s disclosure1a, Basso and co-workers reported another 
class of product – (Z)-captodative alkenes 5 – stereoselectively from the reaction of 
isonitriles with arylacetic acids, also under microwave conditions.6  They proposed the 
mechanism in Scheme 3.2, in which formation of alkenes 5 (path a) begins with (1) 
nucleophilic attack on the FCMA by additional isonitrile, continues with (2) carboxylate 
attack on the nitrilium carbon of 6 or 7, and finishes with (3) 1,4 OO acyl migration, as 
in the Passerini reaction7 (Chapter 2, Scheme 2.8), giving 5. 
Scheme 3.2 Proposed pathways for the reaction of isonitriles with arylacetic acids. 
 
Treatment of 2,6-xylyl isonitrile (1d) or 2-chloro-6-methylphenyl isonitrile (1e) 
with 2-thiopheneacetic acid (2e) under syringe pump conditions10 gave only the N-
formylamides (3de and 3ee), isolated in good yields as shown in Scheme 3.3.  However, 
treatment of cyclohexyl isonitrile (1a) with 2e under the same conditions formed 5ae 
(15% isolated) as well as 3ae (71% isolated).8  Intrigued by this finding, we decided to 
study more thoroughly the reactions of arylacetic acids with isonitriles and the factors 
that determine their outcomes. 
55 
 
Scheme 3.3 Preliminary reactions using syringe pump addition of 2-thiopheneacetic acid. 
 
First, we investigated the effect of reaction conditions on the product ratio 
(3ae:5ae) from 1a and 2e, as shown in Table 3.3.  Entries 1-5 show that increasing the 
concentration of the reactants leads to a greater proportion of alkene 5ae, presumably by 
increasing the rate of nucleophilic attack on 4 (Scheme 3.2, path a) relative to the rate of 
its rearrangement (path b).  Good selectivity (entry 2) for 3ae is achieved with syringe 
pump addition of 2e to a solution of 1a.9  The more polar solvent nitromethane 
(Me−NO2) has little effect on the ratio (entry 6).  Lower temperatures in that solvent10 
allow selective formation of 5ae (entries 6-11), as expected: the rate of a unimolecular 
reaction (the formation of 3ae) should decrease with decreasing temperature more than 










Table 3.3 The effect of conditions on the reaction of cyclohexyl isonitrile (1a) with 2-























Entry Conditions % 3ae % 5ae 
1 Syringe pump addition of 2eb 71 15 
2 Syringe pump addition of 2ec 80 8 
3 2 equiv 1a, 0.01 M 2e, toluene, 110 °C 58 20 
4 2 equiv 1a, 0.02 M 2e, toluene, 110 °C 41 33 
5 2 equiv 1a, 0.1 M 2e, toluene, 110 °C 30d 65d 
6 2 equiv 1a, 0.1 M 2e, Me-NO2, 110 °C 25d 70d 
7 2 equiv 1a, 0.1 M 2e, Me-NO2, 90 °C 20d 75d 
8 2 equiv 1a, 0.1 M 2e, Me-NO2, 60 °C 7d 90d 
9 2 equiv 1a, 0.3 M 2e, Me-NO2, 40 °C, 2 d - 95 
10 2 equiv 1a, 0.5 M 2e, Me-NO2, 40 °C, 2 d - 95 
11 2 equiv 1a, 1 M 2e, Me-NO2, 25 °C, 4 d - 91 
12 2 equiv 1a, neat , 25 °C, 4 d - 96 
aYields based on acid 2e.  bRef. 3 conditions.  cRef. 9 conditions. 
dEstimated from crude 1H NMR analysis. 
Next, we tested the generality of these findings with other RNC/ArCH2CO2H.  At 
high temperatures aliphatic isonitriles generally give mixtures of 3 and 5 (Table 3.4).12  
From such isonitriles (1a, 1b, 1k, 1l) we obtained significant amounts of both 3 and 5 
with electron-deficient phenylacetic acids (2q-s) and with acids 2p and 2e.  From the 
same isonitriles we obtained 3 as the major product with other acids (2l-o).  It is unclear 
how the mechanism in Scheme 3.2 accounts for this observation.  However, one can 
envision an alternate mechanism (Scheme 3.4) where the FCMA can eliminate to form an 
aryl isocyanate and formamide.  The isocyanate can then be attacked by additional 1, 
giving an intermediate that can go on to 5 by reaction with 2 as previously described in 
Scheme 3.2.  If this is the case, electron-deficient arylacetic acids, with more acidic 
benzyl hydrogens, would more readily eliminate to isocyanates, consistent with the 
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observed trend.  Production of isocyanates from related systems has been previously 
suggested.13  Multicomponent reactions utilizing isonitriles and isocyanates have been 
reported.14   
Scheme 3.4 Alternate mechanism for the formation of captodative alkenes from the 
reaction of isonitriles with arylacetic acids. 
 
 
Table 3.4 Reactions of arylacetic acids with aliphatic isonitriles.a 
 












































































































 5ls (24%) 
 
aToluene solution (0.02 M) of 2 heated with two equiv 1 at 110 °C, 24 h. 
bIsolated yields based on acid 2. 
 
At lower temperatures (40 °C) and with high concentrations of 2, aliphatic 
isonitriles give good selectivity and high isolated yields of the alkenes 5 (Table 3.5).15  
Aromatic isonitriles, being less nucleophilic,16 give no 5, but a mixture of unreacted 
starting material, anhydride, formamide and 3 is observed.  (Basso has reported6 one case 
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in which 5 is formed from an aromatic isonitrile using microwave conditions.17)  
Nucleophilic attack by 1 is suggested in both Schemes 3.2 and 3.4. 
Table 3.5 Reactions of arylacetic acids with aliphatic isonitriles.a 
 
















































































aNitromethane solution (0.5 M) of 2 heated with two equiv 1 at 40 °C, 1-2 d. 
bIsolated yields based on 2. 
Good selectivity for 3 is observed with syringe pump addition of 2 to aliphatic 
isonitriles at 110 °C, as shown in Table 3.6.  Low concentrations and high temperatures 
discourage the bimolecular interception of FCMA intermediates. 
Table 3.6 Syringe pump addition of arylacetic acids to aliphatic isonitriles.a 
 











2e  3be (70%) 
 
 




















2p  3ap (65%) 
 
a
 A 0.02 M toluene solution of the acid was added over the course of 24 h to 2 equiv 
isonitrile (0.04 M toluene) at 110 °C.  bIsolated yields based on 2. 
 
Good selectivity for 3 can also be observed when aromatic isonitriles are used 
with low concentrations of acid at high temperatures.  High isolated yields are generally 
obtained, as shown in Table 3.7.  The alkene 5 is not observed in any of these cases. 
Table 3.7 Reaction of arylacetic acids with aromatic isonitriles.a 
 





































































aToluene solution (0.02 M) of 2 heated with two equiv 1 at 110 °C, 24 h. 
bIsolated yields based on 2. 
N-Formylamides have been used in peptide synthesis,1a, b, 1d-h, 18 and their formyl 
groups can be used as aldehyde surrogates in the synthesis of other complex amides.19  
Captodative alkenes have been employed in cycloaddition reactions,20 polymerizations,21 
base-mediated rearrangements,6, 22 and natural product synthesis.23   
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To summarize, product selectivity with RNC/ArCH2CO2H can be achieved as 
follows: low temperatures with high concentrations favor alkenes (the products of a 
bimolecular process), and high temperatures with low concentrations favor N-
formylamides (the products of a unimolecular process). 
3.3 Studies Toward an Isonitrile-Mediated Macrolactonization 
 Ugi was the first to report using t-Bu-NC (1t) to activate carboxylic acids toward 
alcohols in esterifications (Figure 3.2).24  Although, the method is conducted under mild 
conditions (neutral, room temperature) with minimal side products (formamide) it suffers 
from long reaction times (9 days).  Higher temperatures would be predicted to give other 
products, as described in Chapter 2.  There has been a recent claim that refluxing 
RNC/RCO2H in alcohol solvents delivers the ester in high yields.25  Shortly after Ugi’s 
report, other investigators applied this logic to amide synthesis, utilizing amines in the 
place of alcohols.26  Isonitriles have also been used to activate phosphates towards 
alcohols giving phosphodiesters.27 













In their synthesis of cyclosporine A, the Danishefsky group utilized a cyclohexyl 
isonitrile-mediated macrolactamization to obtain the target in low yield (30%).1f, 1h, i  
Interestingly, t-Bu-NC (1t) failed to cyclize the substrate.1h  The yield was ultimately 
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improved (54% over 3 steps) by the addition of hydroxybenzotriazole (HOBt, Scheme 
3.5).  Nonetheless, we were intrigued by the possibility of an isonitrile 
macrolactonization conducted at low temperatures and under neutral conditions (Scheme 
3.6).  Macrolactonization methods have typically involved high temperature,28 base29 or 
by-product generating reagents.28a, 29-30 
Scheme 3.5 An isonitrile mediated macrolactamization. 
 
Scheme 3.6 Proposed isonitrile mediated macrolactonization of hydroxy-acids. 
 
 Initial reaction screenings were conducted using 6-hydroxy-4-phenylhexanoic 
acid (2t, target ring size = 7), which was synthesized by the sequence in Scheme 3.7.  
Thus, Baeyer-Villiger oxidation31 of the commercially available parent ketone gives 
lactone 8t, which in turn gives 2t on saponification.  The virtues of experimenting with 2t 
include modest target ring size and the fact that the target lactone (8t) is an intermediate 




Scheme 3.7 Synthesis of 6-hydroxy-4-phenylhexanoic.  
 
 Reaction screens using 2t and cyclohexyl isonitrile (1a, 2-10 equiv) at 
temperatures 45-70 °C in ethyl acetate, benzene, or toluene gave mixtures of products 
which were presumed to be an N-formylamide (δ 9.0), the anticipated cyclohexyl 
formamide (δ 8.1) and unidentified product(s) with aliphatic signals which overlap with 
target 8t (near δ 4.1).  DMSO, acetonitrile and dimethoxyethane returned mostly starting 
material after 24 h, presumably due to hydrogen bond deactivation of the carboxylic acid 
as described in Chapter 2.  The reaction in carbon tetrachloride was found to minimize 
the amount of N-formylamide produced, but did not cleanly give 8t.  Isolation of 8t was 
frustrated by co-elution of a byproduct; both 8t and the byproduct have Rf = 0.2 on silica 
gel TLC with 3:1 hexanes:ethyl acetate.  However, the byproduct/8t mixture spot stains 
with bromocresol green, whereas an authentic sample of 8t does not.  This byproduct is 
probably the formate ester/acid 9t, analogous to the product isolated and characterized 
using acid 2v (see below).  Conditions closer to Ugi’s report (2v neat with either 10 equiv 
1a or t-Bu-NC (1t), room temperature, 11 days) gave similar results.  The formation of 
lactone 8t was never unambiguously established. 
 
Treatment of 12-hydroxydecanoic acid (2u, target ring size = 13) or 16-
hydroxydecanoic acid (2v, target ring size = 17) with 5 equiv 1a in CCl4 at 60 °C gives a 
similar complex mixture.  However, in the reaction with 2v, silica gel flash 
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chromatography is successful in isolating a major product (9v, ca. 40%) with the 
unexpected 1H NMR shown in Figure 3.3. 
Figure 3.3 1H NMR spectrum (CDCl3) of an unexpected formyl containing product (9v). 
 
The characteristic cyclohexyl pattern is absent from the spectrum.  The formyl 
singlet δ 8.06 is not cyclohexylformamide (δ 8.10 in CDCl3) and it is upfield from typical 
N-formylamides (3, 8.8-9.3 ppm, see Section 3.1). 
 The major peak in the mass spectrum of 9v corresponds to M+1 = 302, which is 
29 mass units higher than the starting acid 2v, suggesting that a C=O unit has been 
incorporated.  The two most logical possibilities are shown in eq 1.  If the 
hydroxy/anhydride is produced, it should either form the formate ester/acid (via 
intramolecular attack of the hydroxyl onto the formyl anhydride) or reform 2v (via 




 The product 9v was characterized further. 13C NMR signals at δ 179.6 (low 
intensity), is typical of carboxylic acids, and δ 161.4, is typical of esters.32  An HSQC 
experiment gave a cross peak between the proton singlet at 8.06 ppm and the carbon at 
161 ppm, corroborating the formate assignment.  The coupling constant (J = 222 Hz) was 
measured from a 1H-coupled 13C NMR.  The IR showed broadening from ca. 3300−2500 
cm-1, characteristic of a hydrogen-bonded carboxylic acid, and showed a broad signal 
near 1715 cm-1, which we assign to both the carboxylic acid and the formate stretches.32  
Anhydrides characteristically give two distinct stretching frequencies (1818 and 1750 for 
saturated, acyclic)32, which are not observed in this case. Furthermore, the TLC stain 
bromocresol green was positive (yellow spot on a light blue background), indicating that 
the compound has a pKa < 5, and confirming the presence of the carboxylic acid.  All of 
the characterization data are consistent with the formate ester/acid assignment in eq 1. 
 The formation of 9v is mechanistically interesting.  Several possible intermediates 
are ruled out by the experiments in Figure 3.4. 








 To address whether either an N-formylamide (3) or a formamide is capable of 
formylating 2v, the latter was separately heated with 3ah and cyclohexylformamide 
under the reaction conditions.  Only unchanged starting material was observed in both 
cases (eq 2 and eq 3).  Production of a N,N’-dicyclohexylformamidine from 1a and 4-
nitrobenzoic acid (2j) in MeOH has been reported,1c but treating N,N’-
diphenylformamidine (the most readily available amidine) with 2v (eq 4) also returned 
starting material.  In view of these results the mechanism in Scheme 3.8, is proposed 
where the hydroxyl attacks the imidate carbon rather than the carboxylate carbon of the 
FCMA.  The resulting imidate should be susceptible to hydrolysis giving 9v.33  
Intermolecular attack should be disfavored over intramolecular attack because of the low 
concentration of 2v.  If all of 2v dissolved at the start, the concentration would be 0.05 M.  
However, even at 60 °C in CCl4, 2v only slowly dissolves as the reaction progresses. 
Scheme 3.8 Proposed mechanism for the formation of the formate ester/acid product 
from cyclohexyl isonitrile and 16-hydroxydecanoic acid. 
 
The above reaction is similar to a result in Danishefsky’s serine ligation 
experiment, reproduced as Scheme 3.9.1c  Given the complexities observed with 2t, 2u 
and 2v this line of research was not pursued further. 





3.4 Experimental Section 
Toluene and dichloromethane (DCM) were purified by a Grubbs system.34  
Nitromethane was purchased from Aldrich as was carbon tetrachloride with a sure seal. 
Both were used without further purification.  The preparation of isonitriles is described in 
Chapter 1.7.  
MS refers to low resolution mass spectroscopy performed on a JEOL JMS-
LCmate liquid chromatography mass spectrometer using the CI+ (MeOH) or FAB+ 
technique.  “M-27” corresponding to decarbonylation was a common fragment for N-
formylamide products.  NMR spectra were recorded with a 300 or 400 MHz Bruker 
spectrometer in CDCl3 and are referenced to TMS or CHCl3 (13C δ77.16).  Copies of 1H 
and 13C NMR for products of the type 3 and 5 have been published35 and are not provided 
in the appendix. IR spectra were obtained neat as a thin film on a NaCl salt plate. 
Preparation of Bromocresol Green TLC stain 
Bromocresol green (40 mg) is added to 100 mL of absolute ethanol.  A 0.1 M 
solution of NaOH(aq) is added until the colorless solution just turns blue.  The stain can be 
stored at room temperature on the bench.  Its lifetime depends on solvent evaporation.  
Compounds with a pKa < 5 will stain yellow on a blue background. 
5-Phenyloxepan-2-one (8t). 
 
 A flame-dried round bottom flask equipped with a magnetic stirbar was charged 
with 4-phenylcyclohexanone (3.09 g, 17.7 mmol) and mCPBA (77%, 1.3 equiv, 3.98 g).  
The system was evacuated and backfilled three times with argon.  DCM (50 mL, 0.35 M) 
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was injected, the reaction mixture was allowed to stir overnight at room temperature, and 
then filtered through Celite.  The filtrate was washed 2× saturated NaHCO3 (aq), 1× 
brine, dried over MgSO4, filtered and evaporated.  The product was isolated by silica gel 
flash chromatography using 2:1 hexanes:ethyl acetate (Rf = 0.25, stains orange by p-
anisaldehyde) giving 1.53 g (45%) as a white solid.36 
6-Hydroxy-4-phenylhexanoic (2t). 
 To a stirring solution of lactone 8t in MeOH (0.3 M) was added 3 equiv NaOH 
(1M, aq) unprotected from air.  After 1 h at room temperature, most of the MeOH was 
removed in vacuo, and the resulting aqueous layer was washed 1× DCM and 1× ethyl 
acetate.  Acidification (1M HCl) at 0 °C resulted in a cloudy mixture.  After standing at 5 
°C for at least 1 h, the white solid was collected by filtration and washed with ice-cold 
water.  Drying in vacuo gave ~80%.  On small scales, isolation was achieved by 
extracting the cloudy acidified aqueous layer 4× DCM, drying the combined organic 
layers with MgSO4, filtering, evaporating and, if necessary, crystallization by layered 
diffusion DCM/hexanes.  The reaction was reproducible on scales of 100 mg – 1 g.  1H 
NMR (300 MHz, CDCl3, δ): 1.78-2.20 (m, 6H, -CH2-CHPh-CH2-CH2-CO2H), 2.69-2.79 
(m, 1H, CHPh), 3.42-3.60 (m, 2H, HO-CH2), 5.80 (br s, 2H, CO2H and HO), 7.14-7.32 
(m, 5H, Ph).  13C NMR (75 MHz, CDCl3 δ): 31.53, 32.08, 39.45, 41.81, 60.96, 126.79, 
127.78, 128.83, 143.68, 179.06.  MS: 209 (M+1), 191 (M-H2O+1), 241 (M+MeOH+1).  






Formate ester/acid 9v. 
 
 To a wire-secured septum capped flame-dried round bottom flask containing acid 
2v (64 mg, 0.235 mmol) was added carefully* 4.7 mL (5 equiv) of 0.25 M stock solution 
of cyclohexyl isonitrile (1a) in CCl4 under argon.  The reaction flask was carefully* 
lowered into a 60 °C oil bath and stirred overnight as a sealed tube.  After cooling to 
room temperature, the crude reaction mixture was filtered through celite and volatiles 
were removed in vacuo.  Silica gel flash chromatography (3:1 hexanes:ethyl acetate) gave 
9v as a reasonably pure white solid (Rf = 0.2, stains yellow with bromocresol green and 
blue-purple with p-anisaldehyde).  1H NMR (300 MHz, CDCl3 δ): 1.26 (br m, 22H, -
(CH2)11-), 1.61-1.68 (m, 4H, HCO2-CH2-CH2 and –CH2-CH2-CO2H), 2.34 (t, 2H, J=7.5 
Hz, CH2-CO2H), 4.162 (t, 2H, J=6.7 Hz, HCO2-CH2).  13C NMR (75 MHz, CDCl3 δ): 
24.88, 25.95, 28.65, 29.22, 29.32, 29.39, 29.57, 29.63, 29.68, 29.72, 29.76, 34.22, 64.30, 
161.40, 179.65.  There are eight carbon signals 29.22-29.76 ppm.  Apparently two 
additional carbons overlap.  MS: 301 (M+1), 273 (M-27).  IR (cm-1): 2919, 2851, 1715 
(broad). 
*Acid 2v floats on CCl4 so care is needed to prevent bumping solid above the reaction 
meniscus (thereby preventing it from reacting). 
Compounds from Table 1: General Procedure A 
 
Two equivalents of the isonitrile in 1 mL dry toluene were filtered through a short 
plug (ca. 0.5 cm in a 5 inch glass pipette) of silica gel into a flame dry 50 mL round 
bottom flask.  The plug was flushed with an additional milliliter of toluene.  The reaction 
vessel was sealed with a septum, blanketed under argon, fitted with an argon purged 
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deflated balloon and immersed in an 110 °C oil bath.  The carboxylic acid in toluene (18 
mL, 0.02 M stock solution, 0.36 mmol) was syringe pumped into the reaction vessel at a 
rate of 0.4 mL/h -extra solution was taken up to account for the dead volume in the 
syringe.  Pressure from the balloon was released periodically.  Heating was maintained 
for an additional 3 hours (48 hours total reaction time).  Volatile residues were removed 
in vacuo and products were purified by silica gel flash chromatography as indicated.  
N-Cyclohexyl-N-formylbenzamide (3aa). 
Purification using 98:2 toluene:ethyl acetate (Rf  0.25) yielded 51 mg (61%) as a white 
solid.  1H NMR (300 MHz, CDCl3 δ): 1.27-2.32 (4 × m, 10H, Cy-ring), 4.36-4.45 (m, 
1H, N-CHCy-ring), 7.47-7.56 (m, 5H, Ar), 8.83 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 
δ): 25.36, 26.39, 29.34, 54.57, 129.0, 129.16, 132.32, 134.69, 164.61, 173.31.  MS: 
232.27 (M+1), 264.31(M+MeOH+1), 204.45 (M-27), 128.18.  IR (cm-1): 1723, 1666. 
N-Cyclohexyl-N-formyl-3-phenylpropanamide (3ab). 
Purification using 5:1 hexanes:ethyl acetate (Rf 0.4) yielded 67 mg (72%) as a white 
solid.  1H NMR (300 MHz, CDCl3 δ): 1.22-2.15 (4 × m, 10H, Cy-ring), 3.01 (m, 4H, 
CH2-CH2), 4.33 (m, 1H, N-CHCy-ring), 7.22-7.32 (m, 5H, Ar), 9.06 (s, 1H, CHO).  13C 
NMR (75 MHz, CDCl3 δ): 25.51, 26.61, 29.96, 31.12, 38.24, 53.79, 126.82, 128.70, 
128.96, 140.36, 163.19, 174.01.  MS: 260.34 (M+1), 292.37 (M+MeOH+1), 232.32 (M-
27), 128.17.  IR (cm-1): 1715, 1673. 
N-Formyl-N-pentyl-3-phenylpropanamide (3bb). 
Purification using 6:1 hexanes:ethyl acetate (Rf 0.15) yielded 49 mg (55%) as a clear 
colorless oil.  1H NMR (300 MHz, CDCl3 δ): 0.88 (t, 3H, J=7 Hz, CH3), 1.26-1.48 (2 × 
m, 6H, CH3-(CH2)3), 2.92-3.05 (2 × m, 4H, Ph-CH2-CH2), 3.65 (t, 2H, J=7.6 Hz, N-
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CH2), 7.20-7.34 (m, 5H, Ar), 9.16 (s, 1H, CHO).  13C NMR (100 MHz, CDCl3 δ): 14.27, 
22.64, 28.26, 29.36, 30.90, 37.12, 40.60, 126.97, 128.73, 129.07, 140.27, 162.60, 173.68.  
MS: 248.10 (M+1), 280.12 (M+MeOH+1), 220.11 (M-27), 439.20 ((M-28)2+1), 116.09.  
IR (cm-1):  1722, 1673. 
N-Formyl-3-phenyl-N-(p-tolyl)propanamide (3cb). 
Purification using 4:1 hexanes:ethyl acetate (Rf 0.25) yielded 65 mg (68%) as a yellow 
oil.  1H NMR (300 MHz, CDCl3 δ): 2.36 (s, 3H, Me), 2.53 (t, 2H, J=7.5 Hz, CH2-CH2), 
2.93 (t, 2H, J=7.5 Hz, CH2-CH2), 6.89-7.27 (2 × d + 1 m, 9H, Ar), 9.57 (s, 1H, CHO).  
13C NMR (100 MHz, CDCl3 δ): 21.24, 30.32, 37.83, 126.47, 128.27, 128.45, 128.61, 
130.67, 132.34, 139.61, 140.11, 162.70, 175.07.  MS: 268.28 (M+1), 240.27 (M-27), 
136.22.  IR (cm-1): 1725, 1697. 
N-(2,6-Dimethylphenyl)-N-formyl-3-phenylpropanamide (3db). 
Purification using 4:1 hexanes:ethyl acetate (Rf 0.4) yielded 62 mg (61%) as a clear 
colorless oil.  1H NMR (400 MHz, CDCl3 δ): 2.08 (s, 6H, 2 × Me), 2.44 (br t, 2H, CH2-
CH2), 2.99 (t, 2H, J=7.4 Hz, CH2-CH2), 7.13-7.30 (m, 8H, Ar), 9.68 (s, 1H, CHO).  13C 
NMR (100 MHz, CDCl3 δ): 18.1, 30.13, 37.26, 126.75, 128.73, 128.87, 129.34, 129.84, 
133.46, 136.09, 140.41, 162.04, 175.30.  MS: 282.19 (M+1), 254.19 (M-27), 314.27 
(M+MeOH+1), 150.11.  IR (cm-1): 1723, 1699. 
N-(2,6-Dimethylphenyl)-N-formylpent-4-enamide (3dc). 
Purification using 7:1 hexanes:ethyl acetate (Rf  0.15) yielded 55 mg (66%) as a pale 
yellow oil.  1H NMR (300 MHz, CDCl3 δ): 2.13 (s, 6H, 2 × Me), 2.36 (m, 4H, 
C(O)CH2CH2), 4.97-5.04 (m, 2H, CH=CH2), 5.75 (m, 1H, CH=CH2), 7.16-7.28 (m, 3H, 
Ar), 9.63 (s, 1H, CHO).  13C NMR (100 MHz, CDCl3 δ): 18.21, 27.96, 34.92, 116.45, 
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129.34, 129.79, 133.57, 136.07, 136.54, 161.98, 175.29.  MS: 232.07 (M+1), 204.07 (M-
27), 407.22 ((M-28)2+1).  IR (cm-1): 1724, 1702. 
N-(2,6-Dimethylphenyl)-N-formylcinnamamide (3dd). 
Following the general procedure, 0.37 mmol acid added, purification using 6:1 
hexanes:ethyl acetate (Rf 0.2) yielded 78 mg (75%) as a white solid.  1H NMR (300 MHz, 
CDCl3 δ): 2.16 (s, 6H, 2 × Me), 6.14 (d, 1H, J=15.5 Hz, CH=CH), 7.19-7.34 (m, 8H, Ar), 
7.96 (d, 1H, J=15.5 Hz, CH=CH), 9.77 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 
18.19, 115.7, 128.65, 129.06, 129.09, 129.76, 131.22, 133.22, 134.0, 136.40, 147.83, 
162.45, 167.92.  MS: 280.07 (M+1), 252.08 (M-27).  IR (cm-1): 1713, 1682. 
N-(2,6-Dimethylphenyl)-N-formyl-2-(thiophen-2-yl)acetamide (3de). 
Purification using 5:1 hexanes:ethyl acetate (Rf 0.25) yielded 73 mg (74%) as a white 
solid.  1H NMR (300 MHz, CDCl3 δ): 2.07 (s, 6H, 2 × Me), 3.65 (s, 2H, Ar-CH2), 6.67 
(br m, 1H, Ar), 6.68-6.93 (m, 1H, Ar), 7.17-7.29 (m, 4H, Ar), 9.63 (s, 1H, CHO).  13C 
NMR (75 MHz, CDCl3 δ): 18.16, 36.5, 125.99, 127.12, 127.75, 129.42, 130.08, 133.41, 
136.46, 162.07, 172.99.  MS: 274.09 (M+1), 246.03 (M-27), 150.04.  IR (cm-1): 1728, 
1702. 
N-(2-Chloro-6-methylphenyl)-N-formyl-2-(thiophen-2-yl)acetamide (3ee). 
Purification using 5:1 hexanes:ethyl acetate (Rf 0.2) yielded 69 mg (65%) as an off-white 
solid.  1H NMR (300 MHz, CDCl3 δ): 2.05 (s, 3H, Me), 3.72 (dd, JAB=16.7 Hz, Ar-CH2), 
6.71 (m, 1H, Ar), 6.90-6.93 (m, 1H, Ar), 7.2-7.43 (m, 4H, Ar), 9.56 (s, 1H, CHO).  13C 
NMR (100 MHz, CDCl3 δ): 18.19, 36.42, 125.86, 126.98, 127.65, 128.25, 129.91, 
130.87, 131.80, 132.96, 133.27, 139.37, 161.43, 172.02.  MS: 294.12/296.11(M+1), 
266.18/268.15(M-27), 170.29, 172.27.  IR (cm-1): 1730, 1704. 
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Methyl 8-(N-(2,6-dimethylphenyl)formamido)-8-oxooctanoate (3df). 
Following the general procedure, 0.39 mmol acid added, purification using 3:1 
hexanes:ethyl acetate (Rf 0.25) yielded 71 mg (57%) as a clear colorless oil.  1H NMR 
(300 MHz, CDCl3 δ): 1.24-1.63 (2 × m, 8H, N-CH2-(CH2)4-CH2), 2.05-2.3 (t, s, t, 10H, 
C(O)CH2, Ar-Me2, NCH2), 3.65 (s, 3H, OMe), 7.15-7.27 (m, 3H, Ar), 9.62 (s, 1H, 
CHO).  13C NMR (75 MHz, CDCl3 δ): 18.21, 23.81, 24.92, 28.93, 29.09, 34.19, 35.34, 
51.74, 129.32, 129.75, 133.71, 136.07, 162.07, 174.32, 175.94.  MS: 320.49 (M+1), 
292.47 (M-27), 150.23.  IR (cm-1): 1724(broad), 1701. 
N-Formyl-2-(2-methoxyethoxy)-N-(4-methoxyphenyl)acetamide (3fg). 
Purification using 2:3 hexanes:ethyl acetate (Rf 0.2) yielded 69 mg (72%) as a red-orange 
oil.  1H NMR (300 MHz, CDCl3 δ): 3.34 (s, 3H, OMe), 3.52-3.68 (2 × m, 4H, CH2-CH2), 
3.83 (s, 3H, OMe), 4.10 (s, 2H, C(O)CH2O), 6.96-7.08 (m, 4H, Ar), 9.50 (s, 1H, CHO).  
13C NMR (100 MHz, CDCl3 δ): 55.55, 58.94, 70.41, 70.97, 72.01, 115.23, 125.97, 
129.54, 160.35, 162.35, 172.53.  MS: 268.24 (M+1), 240.48 (M-27), 152.24, 479.37 [(M-
28)2+1].  IR (cm-1): 1713 (broad). 
Representative Procedure for Compounds in Table 2: N-(3-Bromophenyl)-N-
formyl-4-nitrobenzamide (3jj). 
Adapting the general procedure A, 55 mg of 4-nitrobenzoic acid was heated with 2 
equivalents of the filtered isonitrile 2g in 22 mL dry toluene for 24 hours as a sealed tube.  
After cooling to room temperature and concentrating by rotary evaporation a brown solid 
was obtained.  Most of the brown color and the isonitrile odor was removed by washing 
the solid with toluene (2×3 mL).  The solid was washed further with Et2O (2×3 mL) and 
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hexanes (2×3 mL).  Drying in vacuo yielded 77 mg (67%) as an off-white solid.  A small 
amount of the product was detected in the washes, but recovery was not attempted. 
1H NMR (300 MHz, CDCl3 δ): 7.03-7.07 (m, 1H, Ar), 7.23-7.35 (m, 2H, Ar), 7.48-7.52 
(m, 1H, Ar), 7.65-7.70 (m, 2H, Ar), 8.18-8.23 (m, 2H, Ar), 9.46 (s, 1H, CHO).  13C NMR 
(100 MHz, CDCl3 δ): 123.14, 123.93, 127.01, 130.28, 130.97, 131.36, 132.51, 136.06, 
138.53, 149.69, 162.27, 169.59.  MS: 320.82/322.82 (M-27). The M+1 was not observed.  
IR (cm-1): 1723, 1681. 
Note: Reaction time for 2k was 3 days, and was 48 hours for 2h. 
N-Cyclohexyl-N-formyl-4-nitrobenzamide (3aj). 
Starting from 56.4 mg acid, 84 µl of the filtered isonitrile and 22 mL toluene, purification 
using 97:3 toluene:ethyl acetate (Rf 0.2) yielded 65 mg (70%) as a white solid.1b  NMR 
data not previously reported are provided.  1H NMR (300 MHz, CDCl3 δ): 1.25-2.29 (4 × 
m, 10H, Cy-ring), 4.36-4.45 (m, 1H, N-CHCy-ring), 7.71 (d, 2H, J=8.9 Hz, Ar), 8.34 (d, 
2H, J=8.9 Hz, Ar), 8.77 (s, 1H, CHO).  13C NMR (100 MHz, CDCl3 δ): 25.22, 26.30, 
29.32, 54.91, 124.28, 129.84, 140.21, 149.72, 163.61, 171.27. 
N-(2-Chloro-6-methylphenyl)-N-formylpicolinamide (3ek). 
Starting from 40 mg acid, 97 mg of the dry isonitrile and 6.4 mL toluene, purification 
using 5:1 hexanes:ethyl acetate (Rf 0.1) yielded 60 mg (68%) as a light pink oil.  1H 
NMR (300 MHz, CDCl3 δ): 2.29 (s, 3H, Me), 7.19-7.47 (m, 4H, Ar), 7.84-8.02 (2 × m, 
2H, Ar), 8.58 (br s, 1H, Ar), 9.70 (s, 1H, CHO).  13C NMR (100 MHz, CDCl3 δ): 18.42, 
125.90, 126.83, 127.53, 129.30, 129.93, 132.49, 132.74, 137.50, 139.01, 148.63, 150.94, 
163.42, 168.60.  MS: 275.06(M+1), 277.06(M+1), 247.11(M-27), 249.11(M-47).   




Starting from 57 mg acid, 86 µl of the filtered isonitrile and 6.95 mL toluene, purification 
using 3:1 hexanes:ethyl acetate (Rf 0.2) yielded 66 mg (70%) as a white solid.  1H NMR 
(300 MHz, CDCl3 δ): 1.25-2.31 (4 × m, 10H, Cy-ring), 2.65 (s, 3H, Me), 4.36-4.42 (m, 
1H, N-CHCy-ring), 7.63 (d, 2H, J=8.3 Hz, Ar), 8.05 (d, 2H, J=8.3 Hz, Ar), 8.79 (s, 1H, 
CHO).  13C NMR (100 MHz, CDCl3 δ): 25.47, 26.52, 27.14, 29.46, 54.84, 129.02, 
129.35, 138.67, 139.76, 164.32, 172.60, 197.25.  MS: 274.61 (M+1), 306.68 
(M+MeOH+1), 246.60 (M-27), 128.43.  IR (cm-1): 1726, 1690, 1666. 
4-Acetyl-N-formyl-N-(4-methoxyphenyl)benzamide (3fh). 
Starting from 55 mg acid, 90 mg of the filtered isonitrile and 6.7 mL toluene, the crude 
reaction mixture was filtered through celite prior to chromatography using 99:1 
DCM:MeOH.  The red-orange fractions were combined, concentrated and 
rechromatographed on silica gel using 6:1 toluene:ethyl acetate (Rf 0.2) to yield 80 mg 
(80%) as a yellow solid.   1H NMR (300 MHz, CDCl3 δ): 2.59 (s, 3H C(O)Me), 3.79 (s, 
3H, OMe), 6.87 (d, 2H, J=8.9 Hz, Ar), 7.03 (d, 2H, J=8.9 Hz, Ar), 7.58 (d, 2H, J=8.5 Hz, 
Ar), 7.89 (d, 2H, J=8.5 Hz, Ar), 9.52 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 
26.88, 55.60, 114.95, 127.84, 128.33, 129.39, 129.54, 137.50, 139.38, 159.77, 163.29, 
171.24, 197.15.  MS: 298 (M+1), 270 (M-27), 184, 152.  IR (cm-1): 1717, 1682 (broad). 
4-Acetyl-N-formyl-N-(p-tolyl)benzamide (3ch). 
Starting from 58 mg acid, 82 mg of the filtered isonitrile and 7 mL toluene and 
purification using 2:1 hexanes:ethyl acetate (Rf 0.2) yielded 87 mg (89%) as a pale 
yellow solid.  1H NMR (300 MHz, CDCl3 δ): 2.32 (s, 3H, Ar-Me), 2.57 (s, 3H, C(O)Me), 
6.99 (d, 2H, J=8.3 Hz, Ar), 7.15 (d, 2H, J=8.4 Hz, Ar), 7.58 (d, 2H, J=8.1 Hz, Ar), 7.87 
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(d, 2H, J=8.1 Hz, Ar), 9.48 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 127.93, 
128.21, 129.47, 130.23, 132.58, 137.36, 138.98, 139.31, 163.08, 171.09, 197.10.  MS: 
282.22 (M+1), 254.34 (M-27), 136.20.  IR (cm-1): 1720, 1682 (slightly broadened). 
4-Acetyl-N-(4-(diethylamino)phenyl)-N-formylbenzamide (3gh). 
Starting from 52 mg acid, 110 mg isonitrile and 6.4 mL toluene, purification using 7:3 
hexanes:ethyl acetate (Rf 0.2) yielded 85 mg (79%) as an orange oil.  1H NMR (300 
MHz, CDCl3 δ): 1.12 (t, 6H, J=7.1 Hz, N(CH2CH3)2), 2.60 (s, 3H, Me), 3.30 (q, 4H, 
J=7.1 Hz, N(CH2CH3)2), 6.56 (d, 2H, J=9.1 Hz, Ar), 6.89 (d, 2H, J=9.1 Hz, Ar), 7.6 (d, 
2H, J=8.6 Hz, Ar), 7.87 (d, 2H, J=8.6 Hz, Ar), 9.51 (s, 1H, CHO).  13C NMR (100 MHz, 
CDCl3 δ): 12.47, 26.79, 44.36, 111.63, 122.17, 128.09, 128.84, 129.45, 137.84, 138.96, 
147.79, 163.61, 171.44, 197.28.  MS: 339.57 (M+1), 311.54 (M-27), 193.44.  IR (cm-1): 
1714, 1695, 1681. 
4-Cyano-N-cyclohexyl-N-formylbenzamide (3ai). 
Starting from 55 mg acid, 93 µl of the filtered isonitrile and 7.4 mL toluene, purification 
using 195:5 toluene:ethyl acetate (Rf 0.1) yielded 80 mg (84%) as a white solid.  Longer 
reactions times resulted in significant decarbonylation of the formyl group in the product. 
1H NMR (300 MHz, CDCl3 δ): 1.25-2.28 (4 × m, 10H, Cy-ring), 4.34-4.43 (m, 1H, N-
CHCy-ring), 7.64 (d, 2H, J=8.5 Hz, Ar), 7.79 (d, 2H, J=8.5 Hz, Ar), 8.75 (s, 1H, CHO).  
13C NMR (100 MHz, CDCl3 δ): 25.35, 26.41, 29.40, 54.94, 115.93, 117.72, 129.53, 
132.93, 138.68, 163.80, 171.62.  MS: 229.12(M-27), 128.09.  The M+1 signal is not 






Starting from 57 mg acid, 86 mg of the filtered isonitrile and 7.75 mL toluene, 
purification using 3:1 hexanes:ethyl acetate (Rf 0.16) yielded 80 mg (83%) as a pale 
yellow oil.  1H NMR (300 MHz, CDCl3 δ): 7.08-7.11 (m, 2H, Ar), 7.34-7.37 (m, 2H, Ar), 
7.57 (s, 4H, Ar), 9.51 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 115.55, 117.56, 
128.20, 129.09, 129.68, 132.17, 135.04, 137.29, 162.63, 170.14.  MS: 223 (M-27), 
255.09 [(M-27)+MeOH], 122.12.  M+1 not observed.  IR (cm-1): 2232, 1724, 1681. 
4-Cyano-N-(4-(diethylamino)phenyl)-N-formylbenzamide (3gi). 
Starting from 45 mg acid, 94 mg of the isonitrile and 5.4 mL toluene, purification using 
2:1 hexanes:ethyl acetate (Rf 0.2) yielded 92 mg (94%) as an orange solid.  1H NMR (300 
MHz, CDCl3 δ): 1.13 (t, 6H, J=7.1Hz, N(CH2CH3)2), 3.31 (q, 4H, J=7.1 Hz, 
N(CH2CH3)2), 6.55 (d, 2H, J=9 Hz, Ar), 6.85 (d, 2H, J=9 Hz, Ar), 7.58 (s, 4H, Ar), 9.55 
(s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 12.53, 44.48, 111.79, 115.15, 117.85, 
121.97, 128.97, 129.74, 132.07, 138.05, 148.03, 163.36, 170.65.  MS: 294.22 (M-27), 
193.18.  The M+1 is not observed.  IR (cm-1): 2232, 1722, 1681. 
4-Cyano-N-formyl-N-(naphthalen-2-yl)benzamide (3ii). 
Starting from 50 mg acid, 104 mg of the filtered isonitrile and 6.8 mL toluene, 
purification using 5:1 hexanes:ethyl acetate (Rf 0.25) yielded 66 mg (65%) as a brown 
solid.  The brown color likely comes from the isonitrile which was purchased from 
Aldrich.  1H NMR (300 MHz, CDCl3 δ): 7.19-7.25 (m, 1H, Ar), 7.49-7.63 (m, 7H, Ar), 
7.72-7.88 (m, 3H, Ar), 9.59 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 115.78, 
117.55, 125.38, 127.29, 127.39, 127.57, 128.01, 128.16, 129.80, 129.93, 132.31, 132.5, 
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132.95, 133.34, 137.33, 162.86, 170.31.  MS: 273.41 (M-27), 172.38.  The M+1 is not 
observed.  IR (cm-1): 2230, 1731, 1681. 
Compounds from Table 4: General Procedure B 
Two equivalents of the isonitrile in 1 mL dry toluene were filtered through a short plug 
(ca. 0.5 cm in a 5 inch glass pipette) of silica gel into a flame dry 50 mL round bottom 
flask containing the carboxylic acid.  The plug was flushed with an additional milliliter of 
toluene.  The remainder of the toluene (0.02 M final acid concentration) was added and 
then the reaction vessel was sealed with a wire secured septum, blanketed under argon, 
and heated as a sealed tube in a 110 °C oil bath overnight (18-24 hours).  Volatile 
residues were removed in vacuo and products were purified by silica gel flash 
chromatography in 4:1 hexanes:ethyl acetate, unless otherwise stated. 
Note: The very polar isonitriles 1e, 1g, 1n, 1o, and 1r were added to the reaction mixture 
without passing through silica gel.  Yields are based on carboxylic acid. 
N-Cyclohexyl-N-formyl-2-(thiophen-2-yl)acetamide (3ae) and (Z)-3-
(cyclohexylamino)-3-oxo-1-(thiophen-2-yl)prop-1-en-2-yl 2-(thiophen-2-yl)acetate 
(5ae).  Starting from 55 mg 2-thiopheneacetic acid (2e) gave 40 mg (41%) 3ae (Rf 0.3) as 
a pale yellow oil, 1H NMR (300 MHz, CDCl3 δ): 1.15-2.1 (m, 10H, Cy-ring), 4.23 (s, 2H, 
Ar-CH2), 4.28-4.37 (m, 1H, N-CHCy-ring), 6.89-6.90 (m, 1H, Ar), 6.94-6.97 (m, 1H, Ar), 
7.22-7.24 (m, 1H, Ar) 9.10 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 25.26, 26.35, 
29.82, 37.92, 54.03, 125.64, 126.94, 127.15, 134.52, 163.11, 171.58.  MS: 251.79 (M+1), 
223.85 (M-27).  IR (cm-1): 1672 (broad). 
and 24mg (33%) 5ae (Rf 0.15) as a pale yellow oil. 
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1H NMR (300 MHz, CDCl3 δ): 0.90-1.83 (m, 10H, Cy-ring), 3.72-3.82 (m, 1H, N-CHCy-
ring), 4.19 (s, 2H, Ar-CH2), 5.48 (d, 1H, J=6 Hz, alkene), 7.06-7.47 (5 × m, 6H, Ar), 7.60 
(s, 1H, NH).  13C NMR (75 MHz, CDCl3 δ): 24.86, 25.61, 32.9, 36.15, 48.43, 118.56, 
125.95, 127.41, 127.75, 128.06, 129.42, 132.13, 133.65, 134.84, 137.47, 160.87, 167.23.  
MS: 375.5 (M+1), 251.80.  IR (cm-1): 3291, 1770, 1659. 
N-Butyl-N-formyl-2-(thiophen-2-yl)acetamide (3ke) and (Z)-3-(butylamino)-3-oxo-1-
(thiophen-2-yl)prop-1-en-2-yl 2-(thiophen-2-yl)acetate (5ke). 
Starting from 45 mg 2e gave 34 mg (48%) 3ke (Rf 0.2) as a yellow oil, 
1H NMR (400 MHz, CDCl3 δ): 0.92 (t, 3H, J=8 Hz, CH3), 1.28-1.34 (m, 2H, CH3-CH2), 
1.48-1.52 (m, 2H, CH2-CH2-CH2), 3.71 (t, 3H, J=8 Hz, N-CH2), 4.19 (s, 2H, Ar-CH2), 
6.91-6.92 (m, 1H, Ar), 6.97-6.99 (m,  1H, Ar), 7.25-7.27 (m, 1H, Ar), 9.25 (s, 1H, CHO).  
13C NMR (100 MHz, CDCl3 δ): 13.77, 20.21, 30.25, 36.63, 40.51, 125.82, 127.06, 
127.28, 133.96, 162.51, 171.14.  MS: 226.09 (M+1).  IR (cm-1): 1724, 1673. 
and 22mg (40%) 5ke (Rf 0.10) as a pale yellow oil. 
1H NMR (400 MHz, CDCl3 δ): 0.88 (t, 3H, J=8 Hz, CH3), 1.19-1.35 (2 × m, 4H, CH3-
CH2-CH2), 3.17-3.22 (m, 2H, N-CH2), 4.18 (s, 2H, Ar-CH2), 5.61 (br m, 1H, alkene), 
7.03-7.45 (5 × m, 6H, Ar), 7.59 (s, 1H, NH).  13C NMR (75 MHz, CDCl3 δ): 13.85, 
20.02, 31.45, 36.12, 39.54, 118.60, 125.94, 127.42, 127.67, 128.05, 129.48, 132.19, 
133.62, 134.75, 137.34, 161.76, 167.31.  MS: 350.03 (M+1), 226.08.  IR (cm-1): 3307, 
1770, 1660. 
N-Formyl-N-pentyl-2-(thiophen-2-yl)acetamide (3be) and (Z)-3-oxo-3-
(pentylamino)-1-(thiophen-2-yl)prop-1-en-2-yl 2-(thiophen-2-yl)acetate (5be). 
Starting from 62 mg 2e gave 53 mg (51%) 3be (Rf 0.3) as a yellow oil, 
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1H NMR (300 MHz, CDCl3 δ): 0.88 (t, 3H, J=6 Hz, CH3), 1.25-1.33 (m, 4H, CH3-CH2-
CH2), 1.50 (m, 2H, N-CH2-CH2), 3.70 (t, 2H, J=7.5 Hz, N-CH2), 4.19 (s, 2H, Ar-CH2), 
6.91-6.92 (m, 1H, Ar), 6.96-6.99 (m, 1H, Ar), 7.24-7.26 (m, 1H, Ar), 9.24 (s, 1H. CHO).  
13C NMR (75 MHz, CDCl3 δ): 14.02, 22.37, 27.89, 29.08, 36.65, 40.74, 125.81, 127.07, 
127.28, 133.99, 162.51, 171.14.  MS: 240.12 (M+1), 212.13 (M-27).  IR (cm-1): 1722, 
1674. 
and 38mg (48%) 5be (Rf 0.10) as a pale yellow oil.  1H NMR (300 MHz, CDCl3 δ): 0.87 
(t, 3H, J=7.5 Hz, CH3), 1.17-1.37 (m, 6H, (CH2)3), 3.15-3.22 (m, 2H, N-CH2), 4.18 (s, 
2H, Ar-CH2), 5.67 (br m, 1H, alkene), 7.02-7.45 (5 × m, 6H, Ar), 7.59 (s, 1H, NH).  13C 
NMR (75 MHz, CDCl3 δ): 14.05, 22.41, 28.99, 29.07, 36.08, 39.84, 118.60, 125.89, 
127.39, 127.63, 128.01, 129.45, 132.16, 133.63, 134.75, 137.36, 161.79, 167.30.   
MS: 364.16 (M+1), 239.19.  IR (cm-1): 3301, 1770, 1660. 
N-Formyl-N-isopropyl-2-(thiophen-2-yl)acetamide (3le) and (Z)-3-(isopropylamino)-
3-oxo-1-(thiophen-2-yl)prop-1-en-2-yl 2-(thiophen-2-yl)acetate (5le). 
Starting from 68 mg 2e, purification using 3:1 hexanes:ethyl acetate gave 43 mg (43%) 
3le (Rf 0.3) as a yellow oil,  1H NMR (300 MHz, CDCl3 δ): 1.37 (d, 6H, J=6 Hz, (CH3)2), 
4.21 (s, 2H, Ar-CH2), 4.75 (septet, 1H, J=6 Hz, CH-(CH3)2), 6.90-6.91 (m, 1H, Ar), 6.96-
6.98 (m, 1H, Ar), 7,24-7.26 (m, 1H, Ar), 9.12 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 
δ): 19.91, 37.69, 45.64, 125.70, 126.94, 127.23, 134.36, 162.89, 171.30.  MS: 212.15 
(M+1), 184.14 (M-27).  IR (cm-1): 1725, 1673. 
and 42mg (52%) 5le (Rf 0.15) as a pale yellow solid. 
1H NMR (300 MHz, CDCl3 δ): 0.99 (d, 6H, J=6 Hz, (CH3)2), 4.06 (septet, 1H, J=6 Hz, 
CH-(CH3)2), 4.17 (s, 2H, Ar-CH2), 5.465 (d, 1H, J=9 Hz, alkene), 7.03-7.44 (5 × m, 6H, 
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Ar), 7.58 (s, 1H, NH).  13C NMR (100 MHz, CDCl3 δ): 22.53, 36.10, 41.58, 118.49, 
125.93, 127.38, 127.74, 128.04, 129.41, 132.10, 133.64, 134.76, 137.35, 160.85, 167.22.  
MS: 336.11 (M+1), 212.13.  IR (cm-1): 3278, 1769, 1658. 
N-Cyclohexyl-N-formyl-2-phenylacetamide (3al) and (Z)-3-(cyclohexylamino)-3-oxo-
1-phenylprop-1-en-2-yl 2-phenylacetate (5al). 
Starting from 51 mg phenylacetic acid (2l), purification using 6:1 hexanes:ethyl acetate 
gave 50 mg (54%) 3al (Rf 0.2) as a colorless oil,  1H NMR (300 MHz, CDCl3 δ): 1.15-
2.14 (4 × m, 10H, Cy-ring), 4.02 (s, 2H, Ar-CH2), 4.27-4.35 (m, 1H, N-CHCy-ring), 7.18-
7.36 (2 × m, 5H, Ar), 9.11 (s, 1H, CHO).  13C NMR (100 MHz, CDCl3 δ): 25.26, 26.36, 
29.49, 43.47, 53.73, 127.58, 128.76, 129.13, 133.28, 163.38, 172.64.  MS: 246.15 (M+1), 
218.15 (M-27).  IR (cm-1): 1724, 1671; and 5mg (7%) 5al6 (Rf 0.1). 
N-Butyl-N-formyl-2-phenylacetamide (3kl) and (Z)-3-(butylamino)-3-oxo-1-
phenylprop-1-en-2-yl 2-phenylacetate (5kl).  
Starting from 60 mg 2l gave 50 mg (52%) 3kl (Rf 0.35) as a clear colorless oil, 
1H NMR (300 MHz, CDCl3 δ): 0.90 (t, 3H, J=6 Hz, CH3), 1.25-1.33 (m, 2H, CH3-CH2), 
1.43-1.51 (m, 2H, N-CH2-CH2), 3.69 (t, 2H, J=6 Hz, N-CH2), 3.99 (s, 2H, Ph-CH2), 7.19-
7.37 (m, 5H, Ar), 9.22 (s, 1H, CHO).  13C NMR (100 MHz, CDCl3 δ): 13.75, 20.18, 
30.18, 40.15, 42.30, 127.70, 128.78, 129.19, 132.88, 162.75, 172.16. 
MS: 220.19 (M+1).  IR (cm-1): 1724, 1668;  and 10mg (10%) 5kl6 (Rf 0.15). 
N-Cyclohexyl-N-formyl-2-(p-tolyl)acetamide (3am) and (Z)-3-(cyclohexylamino)-3-
oxo-1-(p-tolyl)prop-1-en-2-yl 2-(p-tolyl)acetate (5am). 
Starting from 59 mg p-tolylacetic acid (2m) gave 66 mg (65%) 3am (Rf 0.3) as a white 
solid,  1H NMR (300 MHz, CDCl3 δ): 1.15-2.19 (4 × m, 10H, Cy-ring), 2.32 (s, 3H, 
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CH3), 3.97 (s, 2H, Ar-CH2), 4.27-4.35 (m, 1H, N-CHCy-ring), 7.05-7.16 (m, 4H, Ar), 9.11 
(s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 21.15, 25.31, 26.40, 29.50, 43.13, 53.71, 
128.61, 129.86, 130.22, 137.31, 163.42, 172.86.  MS: 260.20 (M+1), 232.22 (M-27).  IR 
(cm-1): 1724, 1672. 
and 9 mg (12%) 5am (Rf 0.10) as an impure white solid.  1H NMR (300 MHz, CDCl3 δ): 
0.75-1.72 (m, 10H, Cy-ring), 2.34 (s, 3H, CH3), 2.38 (s, 3H, CH3), 3.66-3.71 (m, 1H, N-
CHCy-ring), 3.77 (s, 2H, Ar-CH2), 5.285 (d, 1H, J=9 Hz, alkene), 7.10-7.34 (m, 9H, Ar and 
NH).  13C NMR (125 MHz, CDCl3 δ): 21.20, 21.54, 24.90, 25.65, 32.79, 41.57, 48.14, 
124.09, 129.44, 129.54, 129.61, 129.82, 129.92, 130.12, 137.84, 138.84, 139.41, 161.37, 
167.98.  MS: 392.22 (M+1), 260.20.  IR (cm-1): 1761, 1628. 
N-Cyclohexyl-N-formyl-2-(4-methoxyphenyl)acetamide (3an). 
Starting from 59 mg 4-methoxyphenylacetic acid (2n), purification using 3:1 
hexanes:ethyl acetate gave 59 mg (60%) as a white solid. 
1H NMR (300 MHz, CDCl3 δ): 1.15-2.19 (4 × m, 10H, Cy-ring), 3.79 (s, 3H, OCH3), 
3.95 (s, 2H, Ar-CH2), 4.25-4.36 (m, 1H, N-CHCy-ring), 6.865 (d, 2H, J=8.7 Hz, Ar), 7.105 
(d, 2H, J=8.6 Hz, Ar), 9.12 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 25.33, 26.43, 
29.57, 42.69, 53.78, 55.42, 114.63, 125.26, 129.88, 159.10, 163.40, 173.02.  MS: 276.22 
(M+1).  IR (cm-1): 1723, 1672. 
N-Butyl-N-formyl-2-(4-methoxyphenyl)acetamide (3kn). 
Starting from 68 mg 2n, purification using 3:1 hexanes:ethyl acetate gave 65 mg (64%) 
as a colorless oil.  1H NMR (300 MHz, CDCl3 δ): 0.91 (t, 3H, J=7.5 Hz, CH3), 1.25-1.33 
(m, 2H, CH3-CH2), 1.45-1.50 (m, 2H, N-CH2-CH2), 3.68 (t, 2H, J=7.5 Hz, N-CH2), 3.79 
(s, 3H, OCH3), 3.93 (s, 2H, Ar-CH2), 6.88 (d, 2H, J=8.5 Hz, Ar), 7.12 (d, 2H, J=8.6 Hz, 
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Ar), 9.23 (s, 1H, CHO).  13C NMR (100 MHz, CDCl3 δ): 13.76, 20.20, 30.22, 40.13, 
41.48, 55.39, 114.28, 114.64, 124.81, 129.88, 130.56, 159.14, 162.78, 172.50.  MS: 
250.16 (M+1), 222.11 (M-27).  IR (cm-1): 1724, 1673. 
2-(3,4-Dimethoxyphenyl)-N-formyl-N-pentylacetamide (3bo). 
Starting from 66 mg 3,4-dimethoxyphenylacetic acid (2o), purification using 2:1 
hexanes:ethyl acetate gave 70 mg (71%) as a yellow oil. 
1H NMR (300 MHz, CDCl3 δ): 0.87 (t, 3H, J=7.5 Hz, CH3), 1.24-1.53 (2 × m, 6H, 
(CH3)2), 3.68 (t, 2H, J=7.5 Hz, N-CH2), 3.86/3.87 (2 × d, 6H, 2 × OCH3), 3.95 (s, 2H, Ar-
CH2), 6.73-6.85 (m, 3H, Ar), 9.24 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 14.01, 
22.38, 27.84, 29.09, 40.35, 41.99, 56.02, 56.05, 111.75, 121.05, 125.25, 148.70, 149.58, 
162.77, 172.41.  MS: 294.21 (M+1).  IR (cm-1): 1724, 1673. 
N-Cyclohexyl-N-formyl-2,2-diphenylacetamide (3ap) and 3-(cyclohexylamino)-3-
oxo-1,1-diphenylprop-1-en-2-yl 2,2-diphenylacetate (5ap). 
Starting from 65 mg diphenylacetic acid (2p), purification using 5:1 hexanes:ethyl acetate 
gave 39 mg (40%) 3ap (Rf 0.3) as a colorless oil, 
1H NMR (300 MHz, CDCl3 δ): 1.17-2.18 (4 × m, 10H, Cy-ring), 4.31-4.39 (m, 1H, N-
CHCy-ring), 5.51 (s, 1H, CH-Ar2), 7.18-7.36 (m, 10H, Ar2), 9.18 (s, 1H, CHO).  13C NMR 
(75 MHz, CDCl3 δ): 25.32, 26.44, 29.50, 54.24, 57.64, 127.79, 128.99, 129.03, 138.01, 
163.24, 173.83.  MS: 322.15 (M+1).  IR (cm-1): 1725, 1671. 
and 43mg (54%) 5ap (Rf 0.10) as a white solid. 
1H NMR (300 MHz, CDCl3 δ): 0.63-1.61 (5m, 10H, Cy-ring), 3.59-3.66 (m, 1H, N-CHCy-
ring), 5.07 (s, 1H, CHAr2), 5.18 (d, 1H, J=8 Hz, alkene), 6.95-7.34 (m, 21H, Ph2 and NH).  
13C NMR (100 MHz, CDCl3 δ): 24.62, 25.50, 32.39, 48.17, 56.58, 127.45, 128.17, 
88 
 
128.74, 128.84, 129.02, 129.16, 129.75, 136.18, 137.67, 137.77, 138.05, 138.91, 162.02, 
171.32.  MS: 517.51 (M+1), 322.04.  IR (cm-1): 3319, 1755, 1667. 
N-Formyl-N-isopropyl-2,2-diphenylacetamide (3lp) and 3-(isopropylamino)-3-oxo-
1,1-diphenylprop-1-en-2-yl 2,2-diphenylacetate (5lp). 
Starting from 77 mg 2p gave 57 mg (56%) 3lp (Rf 0.3) as a pale pink oil, 
1H NMR (300 MHz, CDCl3 δ): 1.36 (d, 6H, J=6 Hz, (CH3)2), 4.77 (septet, 1H, J=6 Hz, 
CH(CH3)2), 5.47 (s, 1H, CHAr2), 7.18-7.34 (m, 10H, Ar2), 9.18 (s, 1H, CHO).  13C NMR 
(75 MHz, CDCl3 δ): 19.77, 45.73, 57.48, 127.82, 128.95, 129.92, 163.05, 173.51.  MS: 
282.20 (M+1).  IR (cm-1): 1730, 1673. 
and 35mg (41%) 5lp (Rf 0.19) as a white solid.  1H NMR (500 MHz, CDCl3 δ): 0.805 (d, 
6H, J=6.5 Hz, (CH3)2), 3.87-3.93 (m, 1H, CH(CH3)2), 5.08 (s, 1H, CHAr2), 6.95-7.34 (m, 
21H, Ar2 and NH).  13C NMR (75 MHz, CDCl3 δ): 22.03, 41.50, 56.59, 127.47, 128.20, 
128.74, 128.81, 129.03, 129.17, 129.77, 136.23, 137.64, 137.77, 138.07, 138.91, 162.15, 
171.33.  MS: 476.20 (M+1), 282.20.  IR (cm-1): 3325, 1755, 1667. 
N-Cyclohexyl-N-formyl-2-(4-nitrophenyl)acetamide (3aq) and (Z)-3-
(cyclohexylamino)-1-(4-nitrophenyl)-3-oxoprop-1-en-2-yl 2-(4-nitrophenyl)acetate 
(5aq).  Starting from 63 mg 4-nitrophenylacetic acid (2q), purification using 2:1 
hexanes:ethyl acetate gave 46 mg (45%) 3aq (Rf 0.3) as a pale yellow oil,  1H NMR (300 
MHz, CDCl3 δ): 1.15-2.0 (m, 10H, Cy-ring), 4.19 (s, 2H, Ar-CH2), 4.28-4.36 (m, 1H, N-
CHCy-ring), 7.39-7.42 (m, 2H, Ar), 8.19-8.22 (m, 2H, Ar), 9.03 (s, 1H, CHO).  13C NMR 
(100 MHz, CDCl3 δ): 25.23, 26.33, 30.46, 43.46, 54.25, 124.0, 130.41, 140.95, 147.41, 
162.88, 171.38.  MS: 291.05 (M+1), 263.05 (M-27).  IR (cm-1): 1720, 1672. 
and 24mg (30%) 5aq (Rf 0.10) as a white solid. 
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1H NMR (300 MHz, CDCl3 δ): 0.99-1.91 (m, 10H, Cy-ring), 3.79 (m, 1H, N-CHCy-ring), 
3.98 (s, 2H, Ar-CH2), 5.6 (d, 1H, J=7.9 Hz, alkene), 7.12 (s, 1H, NH), 7.52-7.56 (m, 4H, 
Ar), 8.14-8.27 (m, 4H, Ar).  13C NMR (75 MHz, CDCl3 δ): 24.81, 25.55, 33.02, 40.96, 
48.93, 120.76, 124.01, 124.36, 130.03, 130.56, 138.79, 139.48, 142.84, 147.74, 147.93, 
160.76, 166.82.  MS: 454.2 (M+1), 291.2.  IR (cm-1): 3282, 1759, 1636. 
N-Formyl-2-(2-nitrophenyl)-N-pentylacetamide (3br) and (Z)-1-(2-nitrophenyl)-3-
oxo-3-(pentylamino)prop-1-en-2-yl 2-(2-nitrophenyl)acetate (5br). 
Starting from 63 mg 2-nitrophenylacetic acid (2r), purification using 2:1 hexanes:ethyl 
acetate gave 49 mg (51%) 3br (Rf 0.25) as a red oil,  1H NMR (300 MHz, CDCl3 δ): 0.89 
(t, 3H, J=7 Hz, CH3), 1.25-1.35 (m, 4H, CH3-CH2-CH2), 1.55-1.60 (m, 2H, N-CH2-CH2), 
3.72 (t, 2H, J=7.6 Hz, N-CH2), 4.36 (s, 2H, Ar-CH2), 7.27-7.67 (3 × m, 3H, Ar), 8.20 (d, 
2H, Ar), 9.30 (s, 1H, CHO).  13C NMR (100 MHz, CDCl3 δ): 13.99, 22.32, 27.97, 29.05, 
41.05, 125.62, 129.13, 129.36, 133.64, 133.98, 148.59, 162.30, 171.01.  MS: 278.30 
(M+1), 251.16 (M-27).  IR (cm-1): 1709, 1681, and 29mg (38%) 5br6 (Rf 0.10). 
2-(4-Chlorophenyl)-N-formyl-N-isopropylacetamide (3ls) and (Z)-1-(4-
chlorophenyl)-3-(isopropylamino)-3-oxoprop-1-en-2-yl 2-(4-chlorophenyl)acetate 
(5ls).  Starting from 74 mg 4-chlorophenylacetic acid (2s), purification using 3:1 
hexanes:ethyl acetate gave 58 mg (56%) 3ls (Rf 0.3) as a colorless oil, 
1H NMR (300 MHz, CDCl3 δ): 1.35 (d, 6H, J=7 Hz, (CH3)2), 3.98 (s, 2H, Ar-CH2), 4.74 
(septet, 1H, J=7 Hz, CH-(CH3)2), 7.12-7.16 (m, 2H, Ar), 7.30-7.34 (m, 2H, Ar), 9.09 (s, 
1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 19.93, 42.56, 45.56, 129.24, 130.35, 131.67, 




and 20mg (24%) 5ls (Rf 0.10) as a white solid. 
1H NMR (400 MHz, CDCl3 δ): 1.03 (d, 6H, J=6.6 Hz, (CH3)2), 3.80 (s, 2H, Ar-CH2), 
4.04 (m, 1H, NH-CH-(CH3)2), 5.38 (d, 1H, J=7.5 Hz, alkene), 7.23 (s, 1H, NH), 7.25-
7.40 (m, 8H, Ar).  13C NMR (100 MHz, CDCl3 δ): 22.53, 41.05, 41.83, 122.57, 129.07, 
129.51, 130.69, 130.89, 131.14, 134.30, 135.17, 140.13, 161.28, 167.42.  MS: 
392.10/394.10/396.10 (M+1), 240.10/242.10.  IR (cm-1): 3294, 1760, 1632. 
Compounds from Table 5: General Procedure C 
Two equivalents of the isonitrile were added to a 0.5 M nitromethane solution of the 
carboxylic acid in an oven dry screw cap vial.  After stirring 1-2 days at 40 °C as a sealed 
tube, volatiles were removed in vacuo and products purified by silica gel flash 
chromatography. 
Note: Removal of essentially all of the nitromethane was crucial for successful chromatographic 
separation. 
(Z)-3-(Cyclohexylamino)-3-oxo-1-(thiophen-2-yl)prop-1-en-2-yl 2-(thiophen-2-
yl)acetate (5ae).  Starting from 42 mg 2e, purification using 7:2 hexanes:ethyl acetate 
gave 52 mg (95%) characterized above. 
(Z)-3-((2-Ethoxy-2-oxoethyl)amino)-3-oxo-1-(thiophen-2-yl)prop-1-en-2-yl 2-
(thiophen-2-yl)acetate (5me).  Starting from 52 mg 2e, purification using 3:2 
hexanes:ethyl acetate gave 40 mg (58%) as a white solid. 
1H NMR (500 MHz, CDCl3 δ): 1.28 (t, 3H, J=7.2 Hz, CH3), 4.03 (d, 2H, J=5.2 Hz, NH-
CH2), 4.18-4.23 (m, 4H, Ar-CH2 and CH2-CH3), 6.36 (br m, 1H, alkene), 7.0-7.45 (6 × 
m, 6H, Ar), 7.57 (s, 1H, NH).  13C NMR (125 MHz, CDCl3 δ): 14.24, 35.68, 41.68, 
61.79, 119.24, 125.79, 127.40, 127.43, 128.00, 129.94, 132.48, 133.39, 134.52, 136.79, 
91 
 
162.15, 167.70, 169.65.  MS: 380.20 (M+1), 255.20 (M-27).  IR (cm-1): 3326, 1766, 
1747, 1665. 
(Z)-3-Oxo-3-(pentylamino)-1-(thiophen-2-yl)prop-1-en-2-yl 2-(thiophen-2-yl)acetate 
(5be).  Starting from 55 mg 2e, purification using 4:1 hexanes:ethyl acetate gave 65 mg 
(93%) characterized above. 
(Z)-3-(Butylamino)-3-oxo-1-(thiophen-2-yl)prop-1-en-2-yl 2-(thiophen-2-yl)acetate 
(5kl).  Starting from 53/57 mg 2l, purification using 4:1 hexanes:ethyl acetate gave 52/43 
mg (79/61 = 70% average).6 
(Z)-3-(Butylamino)-1-(4-chlorophenyl)-3-oxoprop-1-en-2-yl 2-(4-
chlorophenyl)acetate (5ks).  Starting from 56 mg 2s, purification using 3:1 
hexanes:ethyl acetate gave 43 mg (64%).6 
(Z)-1-(4-Chlorophenyl)-3-(isopropylamino)-3-oxoprop-1-en-2-yl 2-(4-
chlorophenyl)acetate (5ls).  Starting from 60 mg 2s, purification using 7:3 hexanes:ethyl 
acetate gave 67 mg (97%) characterized above. 
3-(Isopropylamino)-3-oxo-1,1-diphenylprop-1-en-2-yl 2,2-diphenylacetate (5lp).  
Starting from 71 mg 2p, purification using 4:1 hexanes:ethyl acetate gave 77 mg (96%) 
characterized above. 
3-(Cyclohexylamino)-3-oxo-1,1-diphenylprop-1-en-2-yl 2,2-diphenylacetate (5ap). 
Starting from 61 mg 2p, purification using 4:1 hexanes:ethyl acetate, gave 64 mg (86%) 
characterized above. 
(Z)-1-(2-Nitrophenyl)-3-oxo-3-(pentylamino)prop-1-en-2-yl 2-(2-nitrophenyl)acetate 




(Z)-3-(Cyclohexylamino)-3-oxo-1-(p-tolyl)prop-1-en-2-yl 2-(p-tolyl)acetate (5am). 
Starting from 52 mg 2m, purification using 4:1 hexanes:ethyl acetate gave 44 mg (65%) 
as a white solid, characterized above. 
(Z)-3-(Cyclohexylamino)-1-(4-methoxyphenyl)-3-oxoprop-1-en-2-yl 2-(4-
methoxyphenyl)acetate (5an). Starting from 55 mg 2n, purification using 7:3 
hexanes:ethyl acetate, followed by crystallization by layered diffusion (DCM/hexanes -
15°C or ethyl acetate/hexanes 25°C) gave 39 mg (56%) as a white crystalline solid. 
1H NMR (300 MHz, CDCl3 δ): 0.75-1.75 (m, 10H, Cy-ring), 3.65-3.75 (m) 3.77 (s) 3.82 
(s) 3.82 (s) (total 9H, 2 × OCH3 and Ar-CH2 and N-CHCy-ring), 5.30 (d, 1H, J=8.4 Hz, 
alkene), 6.81-7.39 (4 × m, 9H, 2 × Ar and NH).  13C NMR (125 MHz, CDCl3 δ): 24.90, 
25.62, 32.89, 41.08, 48.16, 55.39, 55.44, 114.27, 114.80, 123.67, 124.87, 125.23, 130.65, 
131.32, 138.01, 159.51, 160.30, 161.55, 168.24.  MS: 424.41 (M+1).  IR (cm-1): 3304, 
1759, 1665. 
Compounds from Table 6: General Procedure D 
Two equivalents of the isonitrile in 1 mL dry toluene were filtered through a short plug 
(ca. 0.5 cm in a 5 inch glass pipette) of silica gel into a flame dry 50 mL round bottom 
flask.  The plug was flushed with an additional milliliter of toluene.  Solvent was added 
so that the final concentration of isonitrile was 0.04 M.  The reaction vessel was sealed 
with a septum, blanketed under argon, fitted with an argon purged deflated balloon and 
immersed in an 110 °C oil bath.  The carboxylic acid in toluene (20 mL, 0.02 M stock 
solution, 0.4 mmol) was syringe pumped into the reaction vessel at a rate of 1.0 mL/h -
extra solution was taken up to account for the dead volume in the syringe.  Pressure from 
the balloon was released periodically.  Heating was maintained for an additional 2-4 
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hours (22-24 hours total reaction time).  Volatile residues were removed in vacuo and 
products were purified by silica gel flash chromatography. 
N-Cyclohexyl-N-formyl-2-(thiophen-2-yl)acetamide (3ae). 
Purification using 4:1 hexanes:ethyl acetate gave 81 mg (80%) characterized above. 
N-Formyl-N-pentyl-2-(thiophen-2-yl)acetamide (3be). 
Purification using 4:1 hexanes:ethyl acetate gave 67 mg (70%) characterized above. 
N-Butyl-N-formyl-2-phenylacetamide (3kl). 
Purification using 5:1 hexanes:ethyl acetate gave 56 mg (64%) characterized above. 
N-Cyclohexyl-N-formyl-2-(p-tolyl)acetamide (3am).  
Purification using 4:1 hexanes:ethyl acetate gave 79/70 mg (71% average) characterized 
above. 
N-Formyl-2-(4-methoxyphenyl)-N-pentylacetamide (3bn).  
Purification using 3:1 hexanes:ethyl acetate gave 68 mg (65%). 
1H NMR (300 MHz, CDCl3 δ): 0.87 (t, 3H, J=7 Hz, CH3), 1.23-1.30 (2 × m, 6H, CH3-
(CH2)3), 3.65 (m, 2H, N-CH2), 3.78 (s, 3H, OCH3), 3.92 (s, 2H, Ar-CH2), 6.82-6.89 (m, 
2H, Ar), 7.09-7.13 (m, 2H, Ar), 9.22 (s, 1H, CHO).  13C NMR (125 MHz, CDCl3 δ): 
13.99, 22.34, 27.78, 29.04, 40.28, 41.42, 55.35, 114.60, 124.80, 129.87, 130.54, 159.11, 
162.79, 172.50.  MS: 263.83 (M), 235.87 (M - CO).  IR (cm-1): 1723, 1672. 
N-Cyclohexyl-N-formyl-2,2-diphenylacetamide (3ap).  






Compounds from Table 7: Following General Procedure B 
N-Formyl-N-(naphthalen-2-yl)-2-(thiophen-2-yl)acetamide (3ie). 
Starting from 48 mg 2e, purification using 6:1 hexanes:ethyl acetate (Rf 0.25) gave 70 mg 
(72%) as a brown oil. 
1H NMR (300 MHz, CDCl3 δ): 3.84 (s, 2H, Ar-CH2), 6.72-6.74 (m, 1H, Ar), 6.89-6.93 
(m, 1H, Ar), 7.18-7.25 (m, 2H, Ar), 7.55-7.65 (m, 3H, Ar), 7.82-7.98 (m, 3H, Ar), 9.66 
(s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 37.34, 125.73, 125.81, 126.97, 127.30, 
127.43, 127.65, 128.07, 128.15, 128.30, 130.31, 132.35, 133.47, 133.63, 133.66, 162.80, 
172.67.  MS: 296.93 (M+1), 268.95 (M-27).  IR (cm-1): 1728, 1704. 
N-Formyl-N-phenyl-2-(thiophen-2-yl)acetamide (3he). 
Starting from 58 mg 2e gave 97 mg (97%) as a yellow-orange oil. 
1H NMR (300 MHz, CDCl3 δ): 3.79 (s, 2H, Ar-CH2), 6.73-7.48 (5 × m, 8H, Ar), 9.57 (s, 
1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 37.07, 125.61, 126.87, 127.30, 128.74, 
129.66, 130.01, 133.56, 134.93, 162.51, 172.44.  MS: 246.18 (M+1), 218.22 (M-27).  IR 
(cm-1): 1731, 1696. 
N-(2,6-Dimethylphenyl)-N-formyl-2-(thiophen-2-yl)acetamide (3de). 
Starting from 51 mg 2e, purification using 5:1 hexanes:ethyl acetate gave 89 mg (91%), 
characterized above. 
N-(2-Chloro-6-methylphenyl)-N-formyl-2-(thiophen-2-yl)acetamide (3ee). 
Starting from 49 mg 2e, purification using 5:1 hexanes:ethyl acetate gave 74 mg (73%), 
characterized above. 
N-Formyl-2-(thiophen-2-yl)-N-(2-(trifluoromethyl)phenyl)acetamide (3qe). 
Starting from 47 mg 2e gave 84 mg (81%) as a pale yellow oil. 
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1H NMR (300 MHz, CDCl3 δ): 3.76 (m, 2H, Ar-CH2), 6.78-6.95 (2 × m, 2H, Ar), 7.19-
7.24 (m, 2H, Ar), 7.63-7.87 (2 × m, 3H, Ar), 9.55 (s, 1H, CHO).  13C NMR (100 MHz, 
CDCl3 δ): 36.93, 162.19, 171.66, 121-134 (several Ar signals due to fluorine splitting).  
MS: 314.15 (M+1), 286.13 (M-27).  IR (cm-1): 1727, 1713. 
N-Formyl-2-(thiophen-2-yl)-N-(3-(trifluoromethyl)phenyl)acetamide (3pe). 
Starting from 43 mg 2e gave 60 mg (63%) as a pink oil. 
1H NMR (300 MHz, CDCl3 δ): 3.83 (s, 2H, Ar-CH2), 6.71-6.73 (m, 1H, Ar), 6.90-6.93 
(m, 1H, Ar), 7.21-7.36 (m, 3H, Ar), 7.58-7.74 (m, 2H, Ar), 9.55 (s, 1H, CHO).  13C NMR 
(100 MHz, CDCl3 δ): 37.41, 162.30, 171.72, 121-135 (several Ar signals due to fluorine 
splitting).  MS: 286.18 (M-27) as the major peak.  IR (cm-1): 1731, 1705. 
N-(3-Bromophenyl)-N-formyl-2-(thiophen-2-yl)acetamide (3je). 
Starting from 55 mg 2e gave 104 mg (83%) as a brown oil. 
1H NMR (300 MHz, CDCl3 δ): 3.82 (s, 2H, Ar-CH2), 6.75-6.76 (m, 1H, Ar), 6.92-6.95 
(m, 1H, Ar), 7.06-7.09 (m, 1H, Ar), 7.21-7.38 (m, 3H, Ar), 7.59-7.62 (m, 1H, Ar), 9.52 
(s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 37.28, 123.32, 125.85, 127.06, 127.45, 
127.60, 131.16, 132.09, 132.95, 133.23, 136.14, 162.25, 171.88.  MS: 325.81/323.82 
(M+1), 297.84/295.85 (M-27).  IR (cm-1): 1731, 1696. 
N-(4-Bromophenyl)-N-formyl-2-(thiophen-2-yl)acetamide (3oe). 
Starting from 50 mg 2e gave 90 mg (80%) as a pale yellow oil.   
1H NMR (300 MHz, CDCl3 δ): 3.81 (s, 2H, Ar-CH2), 6.75-7.62 (5 × m, 7H, Ar), 9.52 (s, 
1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 37.16, 123.87, 125.79, 127.01, 127.39, 
130.43, 133.26, 133.90, 162.28, 171.91.  MS: 323.84/325.84 (M+1), 297.93/295.93 (M-




Starting from 49 mg 2e gave 75 mg (78%) as a pale yellow oil. 
1H NMR (300 MHz, CDCl3 δ): 3.81 (s, 2H, Ar-CH2), 6.74-6.76 (m, 1H, Ar), 6.91-6.94 
(m, 1H, Ar), 7.04-7.06 (m, 2H, Ar), 7.21-7.23 (m, 1H, Ar), 7.43-7.46 (m, 2H, Ar), 9.53 
(s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 37.17, 125.79, 127.01, 127.38, 130.14, 
130.27, 133.27, 133.38, 135.83, 162.35, 172.00.  MS: 279.91 (M+1), 251.93/253.92 (M-
27).  IR (cm-1): 1729, 1704. 
N-Formyl-2-(thiophen-2-yl)-N-(p-tolyl)acetamide (3ce). 
Starting from 62 mg 2e gave 106 mg (94%) as a yellow oil. 
1H NMR (300 MHz, CDCl3 δ): 2.40 (s, 3H, CH3), 3.78 (s, 2H, Ar-CH2), 6.74-7.28 (5 × 
m, 7H, Ar), 9.56 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 21.24, 36.95, 125.54, 
126.82, 127.26, 128.42, 130.67, 132.22, 133.67, 139.82, 162.61, 172.63. 
MS: 260.20 (M+1), 232.24 (M-27).  IR (cm-1): 1731, 1696. 
N-(4-(Diethylamino)phenyl)-N-formyl-2-(thiophen-2-yl)acetamide (3ge). 
Starting from 45 mg 2e, purification using 5:1 hexanes:ethyl acetate gave 83 mg (83%) as 
an orange oil.  1H NMR (300 MHz, CDCl3 δ): 1.16-1.22 (m, 6H, 2 × CH3), 3.34-3.41 (m, 
4H, N-(CH2CH3)2), 3.83 (s, 2H, Ar-CH2), 6.67-6.94 (3 × m, 6H, Ar), 7.19-7.22 (m, 1H, 
Ar), 9.60 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 12.56, 36.91, 44.52, 112.04, 
121.70, 125.42, 126.77, 127.21, 129.30, 134.17, 148.41, 163.17, 173.74. 
MS: 317.20 (M+1), 289.19 (M-27).  IR (cm-1): 1730, 1696. 
N-Formyl-N-(4-methoxyphenyl)-2-(thiophen-2-yl)acetamide (3fe). 
Starting from 53 mg 2e gave 90 mg (88%) as a red-orange oil. 
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1H NMR (300 MHz, CDCl3 δ): 3.79 (s, 2H, Ar-CH2), 3.83 (s, 3H, OCH3), 6.75-7.22 (m, 
7H, Ar), 9.58 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 37.02, 55.63, 115.29, 125.59, 
126.88, 127.27, 127.32, 129.81, 133.72, 160.36, 162.80, 172.89.  MS: 275.94 (M+1), 
247.96 (M-27).  IR (cm-1): 1727, 1696. 
N-Formyl-N-(4-nitrophenyl)-2-(thiophen-2-yl)acetamide (3re). 
Starting from 47 mg 2e, purification using 77% hexanes/ethyl acetate (Rf 0.1) gave 72 mg 
(75%) as a pale yellow solid.  1H NMR (300 MHz, CDCl3 δ): 3.91 (s, 2H, Ar-CH2), 6.76-
6.78 (m, 1H, Ar), 6.92-6.96 (m, 1H, Ar), 7.23-7.34 (m, 3H, Ar), 8.31-8.34 (m, 2H, Ar), 
9.52 (s, 1H, CHO).  13C NMR (100 MHz, CDCl3 δ): 37.46, 125.15, 126.12, 127.25, 
127.55, 130.11, 132.74, 140.49, 148.28, 161.99, 171.14.  MS: 291.02 (M+1), 262.96 (M-
27).  IR (cm-1): 1731, 1703. 
N-(2-Chloro-6-methylphenyl)-N-formyl-2-phenylacetamide (3el). 
Starting from 44 mg 2l, purification using 5:1 hexanes:ethyl acetate gave 59 mg (63%) as 
a white solid.  1H NMR (300 MHz, CDCl3 δ): 1.92 (s, 3H, CH3), 3.39-3.65 (2 × d, 2H, 
J=15.5 Hz, Ar-CH2), 6.98-7.43 (m, 8H, Ar), 9.58 (s, 1H, CHO).  13C NMR (75 MHz, 
CDCl3 δ): 18.09, 42.58, 127.70, 128.17, 128.76, 129.52, 129.83, 130.73, 132.0, 132.04, 
133.38, 139.56, 161.57, 173.05.  MS: 288.01/289.98 (M+1), 259.98/261.97 (M-27).  IR 
(cm-1): 1730, 1713. 
N-(2,6-Dimethylphenyl)-N-formyl-2-phenylacetamide (3dl). 
Starting from 51 mg 2l, purification using 5:1 hexanes:ethyl acetate gave 75 mg (76%) as 
a colorless oil.  1H NMR (300 MHz, CDCl3 δ): 1.98 (s, 6H, 2 × CH3), 3.45 (s, 2H, Ar-
CH2), 6.94-7.26 (3 × m, 8H, Ar), 9.62 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 
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17.87, 42.40, 127.60, 128.67, 129.09, 129.45, 129.73, 132.09, 133.36, 136.35, 161.97, 
173.77.  MS: 268.03 (M+1), 240.06 (M-27).  IR (cm-1): 1725, 1696. 
N-Formyl-N-(4-methoxyphenyl)-2-phenylacetamide (3fl). 
Starting from 51 mg 2l, purification using 3:1 hexanes:ethyl acetate gave 76 mg (75%) as 
a red-orange oil.  1H NMR (300 MHz, CDCl3 δ): 3.60 (s, 2H, Ar-CH2), 3.82 (s, 3H, 
OCH3), 6.95-7.05 (2 × m, 6H, Ar), 7.23-7.27 (m, 3H, Ar), 9.58 (s, 1H, CHO).  13C NMR 
(75 MHz, CDCl3 δ): 42.82, 55.60, 115.11, 127.43, 127.51, 128.97, 129.27, 129.95, 
132.78, 160.23, 162.95, 173.95.  MS: 270.18 (M+1), 242.20 (M-27).  IR (cm-1): 1730, 
1696. 
N-Formyl-N,2-diphenylacetamide (3hl). 
Starting from 51 mg 2l gave 70 mg (78%) as a yellow oil. 
1H NMR (300 MHz, CDCl3 δ): 3.59 (s, 2H, Ar-CH2), 6.99-7.45 (m, 10H, Ar), 9.58 (s, 
1H, CHO).  13C NMR (100 MHz, CDCl3 δ): 42.87, 127.45, 128.70, 128.90, 129.24, 
129.53, 129.87, 132.63, 135.06, 162.70, 173.52.  MS: 240.19 (M+1), 212.19 (M-27).  IR 
(cm-1): 1729, 1697. 
N-(4-(Diethylamino)phenyl)-N-formyl-2-(naphthalen-1-yl)acetamide (3gt). 
Starting from 51 mg 1-naphthaleneacetic acid (2t) gave 89 mg (90%) as a brown solid. 
1H NMR (300 MHz, CDCl3 δ): 1.15 (t, 6H, J=7 Hz, N-(CH2CH3)2), 3.33 (q, 4H, J=7 Hz, 
N-(CH2CH3)2), 4.05 (s, 2H, Ar-CH2), 6.61-6.64 (m, 2H, Ar), 6.91-6.94 (m, 2H, Ar), 
7.15-7.47 (3 × m, 4H, Ar), 7.68-7.84 (m, 3H, Ar), 9.62 (s, 1H, CHO).  13C NMR (100 
MHz, CDCl3 δ): 12.55, 40.54, 44.49, 111.99, 121.87, 123.49, 125.38, 125.79, 126.37, 
128.05, 128.23, 128.86, 129.28, 129.84, 132.07, 133.86, 148.29, 163.36, 174.89.   




Starting from 64 mg 2q, purification using 2:1 hexanes:ethyl acetate gave 67 mg (67%) 
as a pale yellow oil.  1H NMR (300 MHz, CDCl3 δ): 3.72 (s, 2H, Ar-CH2), 7.12-7.25 (2 × 
m, 4H, Ar), 7.49-7.52 (m, 3H, Ar), 8.12-8.15 (m, 2H, Ar), 9.56 (s, 1H, CHO).  13C NMR 
(100 MHz, CDCl3 δ): 42.67, 123.81, 128.85, 129.98, 130.25, 130.51, 134.87, 140.11, 
147.42, 162.37, 172.32.  MS: 257.18 (M-27) as the major peak.  IR (cm-1): 1729, 1697. 
N-(4-Chlorophenyl)-N-formyl-2-(4-methoxyphenyl)acetamide (3nn). 
Starting from 56 mg 2n, purification using 2:1 hexanes:ethyl acetate gave 80 mg (78%) 
as a pale yellow oil.  1H NMR (400 MHz, CDCl3 δ): 3.55 (s, 2H, Ar-CH2), 3.77 (s, 3H, 
OCH3), 6.79-7.0 (3 × m, 6H, Ar), 7.40-7.43 (m, 2H, Ar), 9.53 (s, 1H, CHO).  13C NMR 
(100 MHz, CDCl3 δ): 42.08, 55.34, 114.28, 124.19, 130.07, 130.23, 130.28, 133.54, 
135.60, 159.08, 162.60, 173.38.  MS: 318.16/320.16 (M+1), 290.16/292.16 (M-27).  IR 
(cm-1): 1728, 1704. 
N-Formyl-2-(3-methoxyphenyl)-N-(4-methoxyphenyl)acetamide (3fu). 
Starting from 55 mg 3-methoxyphenylacetic acid (2u), purification using 3:1 
hexanes:ethyl acetate gave 76 mg (77%) as a red-orange oil. 
1H NMR (300 MHz, CDCl3 δ): 3.58 (s, 2H, Ar-CH2), 3.74 (s, 3H, OCH3), 3.82 (s, 3H, 
OCH3), 6.56-6.62 (m, 2H, Ar), 6.76-80 (m, 1H, Ar), 6.93-6.98 (m, 4H, Ar), 7.15-7.20 (m, 
1H, Ar), 9.57 (s, 1H, CHO).  13C NMR (100 MHz, CDCl3 δ): 42.84, 55.19, 55.57, 112.99, 
114.84, 115.06, 121.51, 127.43, 129.65, 129.95, 134.12, 159.80, 160.20, 162.96, 173.80.  
MS: 300.20 (M+1), 272.18 (M-27).  IR (cm-1): 1724, 1697. 
N-(4-Bromophenyl)-2-(4-chlorophenyl)-N-formylacetamide (3os). 
Starting from 45 mg 2s gave 65 mg (70%) as a pale yellow oil. 
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1H NMR (300 MHz, CDCl3 δ): 3.59 (s, 2H, Ar-CH2), 6.94-7.0 (m, 4H, Ar), 7.25-7.28 (m, 
2H, Ar), 7.59-7.63 (m, 2H, Ar), 9.53 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 
42.33, 124.03, 129.07, 130.58, 130.67, 130.77, 133.34, 133.97, 162.38, 172.68.  MS: 
351.76/352.76/353.76/354.76/355.76 (M+1).  IR (cm-1): 1724, 1701. 
N-Formyl-N-(4-methoxyphenyl)-2-(2-nitrophenyl)acetamide (3fr). 
Starting from 74 mg 2r, purification using 2:1 hexanes:ethyl acetate gave 113 mg (88%) 
as an orange solid.  1H NMR (300 MHz, CDCl3 δ): 3.84 (s, 3H, OCH3), 3.91 (s, 2H, Ar-
CH2), 7.02-7.05 (m, 2H, Ar), 7.24-7.27 (m, 3H, Ar), 7.47-7.59 (2 × m, 2H, Ar), 8.14-8.17 
(m, 1H, Ar), 9.57 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 42.56, 55.66, 115.46, 
125.62, 127.40, 129.06, 129.60, 129.99, 133.76, 134.05, 148.23, 160.43, 162.73, 172.93.  
MS: 314.95 (M+1).  IR (cm-1): 1727, 1701. 
N-Formyl-2-(p-tolyl)-N-(3-(trifluoromethyl)phenyl)acetamide (3pm). 
Starting from 55 mg 2m gave 80 mg (68%) as a pale yellow oil. 
1H NMR (300 MHz, CDCl3 δ): 2.31 (s, 3H, CH3), 3.60 (s, 2H, Ar-CH2), 6.83-7.27 (3 × 
m, 6H, Ar), 7.58-7.72 (m, 2H, Ar), 9.56 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 
21.15, 42.91, 162.57, 172.98, 126-138 (several signals due to fluorine splitting).   
MS: 321.93 (M+1), 293.96 (M-27).  IR (cm-1): 1729, 1704. 
2-(3,4-Dimethoxyphenyl)-N-(2,6-dimethylphenyl)-N-formylacetamide (3do). 
Starting from 58 mg 2o, purification using 2:1 hexanes:ethyl acetate gave 66 mg (68%) 
as a colorless oil.  1H NMR (300 MHz, CDCl3 δ): 1.98 (s, 6H, 2 × CH3), 3.41 (s, 2H, Ar-
CH2), 3.79/3.84 (2 × s, 6H, 2 × OCH3), 6.42-6.52 (m, 2H, Ar), 6.73-7.76 (m, 1H, Ar), 
7.14-7.30 (m, 3H, Ar), 9.63 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 17.93, 42.02, 
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55.81, 55.96, 111.16, 112.40, 121.56, 124.24, 129.04, 129.70, 133.34, 136.44, 148.50, 
148.93, 162.03, 173.93.  MS: 327.98 (M+1).  IR (cm-1): 1722, 1697. 
N-(2,6-Dimethylphenyl)-2-(4-fluorophenyl)-N-formylacetamide (3dv). 
Starting from 53 mg 4-fluorophenylacetic acid (2v), purification using 5:1 hexanes:ethyl 
acetate gave 82 mg (84%) as a white solid. 
1H NMR (300 MHz, CDCl3 δ): 2.01 (s, 6H, 2 × CH3), 3.41 (s, 2H, Ar-CH2), 6.92-6.95 
(m, 4H, Ar), 7.15-7.28 (m, 3H, Ar), 9.61 (s, 1H, CHO).  13C NMR (75 MHz, CDCl3 δ): 
17.93, 41.51, 161.91 (CHO), 173.71 (CH2-C(O)N), 115-164 (several signals due to 
fluorine splitting).  MS: 285.97 (M+1).  IR (cm-1): 1723, 1698. 
N-(2,6-Dimethylphenyl)-N-formyl-2-(1H-indol-3-yl)acetamide (3dw). 
Starting from 57 mg 2w, purification using 2:1 hexanes:ethyl acetate gave 65 mg (65%) 
as an off white solid.  1H NMR (300 MHz, CDCl3 δ): 2.02 (s, 6H, 2 × CH3), 3.63 (s, 2H, 
Ar-CH2), 6.82 (m, 1H, Ar), 7.08-7.37 (m, 7H, Ar), 8.1 (br s, 1H, NH), 9.66 (s, 1H, CHO).  
13C NMR (100 MHz, CDCl3 δ): 18.01, 32.66, 106.42, 111.35, 118.74, 120.03, 122.52, 
123.64, 127.13, 129.13, 129.69, 133.62, 136.10, 136.34, 162.28, 173.  MS: 307.22 
(M+1).  IR (cm-1): 3398, 1721, 1695. 
N-Formyl-2-(1H-indol-3-yl)-N-(4-methoxyphenyl)acetamide (3fw). 
Starting from 55 mg 2w, purification using 3:2 hexanes:ethyl acetate gave 71 mg (73%) 
as an orange solid.  1H NMR (300 MHz, CDCl3 δ): 3.75 (s, 2H, Ar-CH2), 3.80 (s, 3H, 
OCH3), 6.82-7.38 (m, 9H, Ar), 8.17 (br s, 1H, NH), 9.60 (s, 1H, CHO).  13C NMR (75 
MHz, CDCl3 δ): 33.20, 55.60, 106.72, 111.43, 115.10, 118.59, 119.80, 122.35, 123.54, 
126.96, 127.63, 129.82, 136.05, 160.13, 163.27, 174.23.  MS: 309.14 (M+1), 281.12 (M-




Starting from 58 mg 2w, purification using 2:1 hexanes:ethyl acetate gave 85 mg (88%) 
as a beige solid.  1H NMR (400 MHz, CDCl3 δ): 2.39 (s, 3H, CH3), 3.75 (s, 2H, Ar-CH2), 
6.86-7.38 (m, 9H, Ar), 8.14 (br s, 1H, NH), 9.61 (s, 1H, CHO).  13C NMR (100 MHz, 
CDCl3 δ): 21.32, 33.21, 106.89, 111.41, 118.64, 119.84, 122.42, 123.52, 127.04, 128.51, 
130.58, 132.61, 136.10, 139.65, 163.10, 173.99.  MS: 293.37 (M+1), 265.32 (M-27).  IR 
(cm-1): 3399, 1724, 1696. 
N-Formyl-2,2-diphenyl-N-(p-tolyl)acetamide (3cp). 
Starting from 66 mg 2p, purification using 6:1 hexanes:ethyl acetate gave 95 mg (93%) 
as an off white solid. 
1H NMR (300 MHz, CDCl3 δ): 2.38 (s, 3H, CH3), 5.02 (s, 1H, CHAr2), 6.79-6.82 (m, 2H, 
Ar), 7.10-7.28 (m, 12H, Ar), 9.64 (s, 1H, CHO).  13C NMR (100 MHz, CDCl3 δ): 21.30, 
56.48, 127.68, 128.68, 128.78, 128.86, 130.45, 132.30, 137.54, 139.72, 163.13, 174.83.  
MS: 330.16 (M+1), 302.04 (M-27).  IR (cm-1): 1724, 1698. 
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Chapter 4§  
Mechanistic Studies Using Thioacids 
4.1 Background 
 In 1975 Chupp and Leschinsky reported the reaction of thioacids (10) with 
isonitriles (1) giving N-thioformylamides (11, eq 1).1  The reaction proceeds readily at 
ambient temperatures, in contrast to the high temperatures required with carboxylic acids 
(Chapters 2-3).  The reaction is also efficient in both benzene and ether, while the 
carboxylic acid version is slowed significantly in hydrogen bond acceptor solvents 
(Chapter 2.5 , βbenzene = 0.10 and βether = 0.47).2 
 
 They suggested the reaction mechanism in Scheme 4.1.  Thus, 1 and 10 can form 
an α-adduct, which is the thio analogue (thio-FCMA, 12) of the FCMA proposed in 
Chapters 2-3.  They did not consider possible stereoisomers about the C=N in 12, 
drawing the structure shown in the scheme.  From 12, a 1,3 SN acyl transfer could 
produce 11 (a 1,3 ON is a Mumm rearrangement, Chapter 2.1).3  A similar 
rearrangement has been invoked in the acid catalyzed addition of thioacids to nitriles 
forming diamides (eq 2).4  Alternatively, 12 could react with additional thioacid, forming 
anhydrosulfide (13) and thioformamide (14), analogous to the Gautier products of the 
reaction with carboxylic acids (Chapters 2-3).5  It was separately shown that 13 and 14 
can form 11.  
 
                                                 
§Most of the experiments were performed under my supervision by Columbia University undergraduate 
William T. Kender. 
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Scheme 4.1 Pathways for the reaction of isonitriles with thioacids. 
 
This reaction remained dormant until 2009 when the Danishefsky group applied it 
to the synthesis of peptides and amide bonds, e.g. en route to oxytocin, cyclosporine and 
vasopressin.6  No quantitative mechanistic work had been reported before the present 
work, nor had transient intermediates been observed. 
4.2 Observation of Transient Intermediates 
 The initial kinetics run was performed in analogy to the kinetics in Chapter 2.3; 
thiobenzoic acid (10a) in toluene-d8 (0.002 M), mixed with 10 equiv Cy-NC (1a), was 
monitored by 1H NMR (300 MHz) at room temperature.  Although the corresponding N-
thioformylamide (11aa, thioformyl proton, δ 9.85, singlet) was cleanly produced under 
these conditions,7 it became immediately clear that pseudo-first-order analysis would not 
be applicable: transient proton resonances were observed (δ 9.00, d, J = 1.7 Hz and δ 
9.09, s).  These peaks were tentatively attributed to the thio-FCMAs (E)-12aa and (Z)-
12aa (Figure 4.1).  While a small four-bond coupling in 12 is not surprising, it is unclear 
why one peak appears to be a singlet. 
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Figure 4.1 Proposed thio-FCMA intermediates observed by 1H NMR analysis of the 
reaction of cyclohexyl isonitrile with thiobenzoic acid. 
 
After experimenting with several combinations of reactants,8 we settled on 
studying the reaction of 10a with benzyl isonitrile (1s), whose benzylic protons offer 
better NMR features for characterization than isonitriles such as cyclohexyl.  To our 
surprise, when 10a (0.002 M) was mixed with 10 equiv 1s (toluene-d8, 500 MHz), three 
new sets of transient benzyl peaks were observed (Figure 4.3), doublets at δ 4.48 (J = 2.3 
Hz), 4.37 (J = 1.3 Hz) and 3.39 (J = 6.3 Hz), in addition to three new sets of downfield 
peaks, triplets at δ 9.16 (J = 2.4 Hz) and 9.06 (J = 1.3 Hz) and a doublet at δ 8.70 (J = 
14.8 Hz).  Integration of the three sets of peaks confirms that they belong to three species; 
the benzyl peak for each species had twice the intensity of the downfield peak throughout 
the reaction.  It is not obvious what is coupling to the doublets at δ 3.39 and 8.70 based 
on the 1-D spectrum.  While this latter set of resonances was unexpected (the species 
giving rise to them is hereinafter referred to as “intermediate 3” or 15), the other two 
were tentatively assigned to thio-FCMAs (Z)-12sa and (E)-12sa (Figure 4.2), with four-
bond coupling between the thioformimidate and benzyl protons giving the triplet and 
doublet patterns.  The four-bond couplings in (Z) and (E) alkenes are similar,9 so J values 
are not sufficient for assignment.  The assignments made in Figure 4.3 are based on an 
NOESY experiment done at lower temperatures (vide infra).  All three sets of new peaks 
disappeared after 5 h, leaving just the product 11sa (δ 10.02, singlet, 1H, CHS and δ 5.39, 
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singlet 2H, Bn).  The thiobenzoic acid (aromatic multiplet at δ 7.67) disappeared after 
about 10 mins. 
Figure 4.2 Proposed thio-FCMA intermediates observed by 1H NMR analysis of the 
reaction of benzyl isonitrile with thiobenzoic acid. 
 
Figure 4.3 1H NMR resonances of transient intermediates in the reaction of benzyl 
isonitrile with thiobenzoic acid in benzene-d6.a 
 
aThe chemical shifts listed in the text refer to toluene-d8. 
The splitting assignments of the transient resonances were confirmed by 
monitoring a similar reaction (1:1 10a:1s each 0.01 M, toluene-d8) at lower field (300 
MHz).  The coupling constants remained the same (J(Z)-12sa = 2.4 Hz, J(E)-12sa = 1.3 Hz, J15 
= 14.7 and 6.2 Hz), confirming the assignments of doublets and triplets. 
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Using mechanistic reasoning similar to that in Chapter 3.2, we attempted to 
extend the lifetime of the transient species by lowering the temperature; we speculated 
that the formation of the product (11) occurs by a unimolecular process while the 
formation of intermediates 12 and 15 occurs by a bimolecular process; lower 
temperatures should slow unimolecular processes more than bimolecular processes.10  To 
test this hypothesis 10a was mixed with 2 equiv 1s in toluene-d8 at dry/ice acetone 
temperature and loaded into a 500 MHz NMR probe pre-cooled to −35 °C.11  The 
temperature was raised in increments, and a spectrum was recorded after the times listed 
in Table 4.1, until the temperature reached +5 °C.  Similar experiments were carried out 
at initial temperatures of +6.5 °C and +15 °C.  The results are summarized in Table 4.1. 
Table 4.1 Monitoring the amount of the various species in the reaction of thiobenzoic 













−15 30 0.82 0.77 0 0 98 
−10 30 1.4 1.1 0.69 0 97 
+5 20 7.0 4.9 4.5 0 84 
+6.5 35 6.4 5 9.8 2 75 
+7.5 10 6.7 5.2 12 2.3 73 
+7.5 260 6.6 4.4 28 5.2 50 
+15 10 7.6 5.6 17 3.3 63 
aRelative product distributions.  bRepresents time at the given temperature. 
After 30 mins at −15 °C, the first signs of the intermediates 12 were observed, 
each about 0.8% of the initial [10a].  After another 30 mins at −10 °C the first sign of 15 
was observed (ca. 0.7%), with each 12 over 1%.  Appreciable accumulation of 12 and 15 
was not obtained until the temperature reached +5 °C, giving the ratio 7 : 5 : 4.5 for 
(Z):(E):15. (A temperature of +5 °C is the lowest at which the product (11sa) peaks are 
no greater than baseline for 30 mins.)  At +7.5 °C, in a separate experiment (1:1 10a:1s 
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each 0.01 M in toluene-d8, 500 MHz), the amount of product 11sa formed after 260 mins 
represents 5% of the initial [10a]; during this time the amount of 15 (28 %) increased 
relative to each 12 and the product 11sa.12  (Table 4.2 in the experimental section shows 
the progress of the reaction at +7.5 °C, along with a plot.)   At +15 °C product formation 
was faster (3.3% after 10 mins). 
Having established which temperatures would allow for the observation of 
intermediates for long time periods (and minimize the product peaks), characterization of 
the intermediates was attempted.   The reaction of 10a and 1s (each 0.05 M in toluene-d8) 
was monitored (500 MHz) at 12 °C.13  After 170 mins13 a COSY was obtained (Figure 
4.4).  Cross peaks were observed between the δ 9.16 triplet and δ 4.48 doublet (Z-12sa) 
and between the δ 9.06 triplet and 4.37 doublet (E-12sa), as expected.  The peaks at δ 
8.70 and 3.39 (both belong to 15) give a cross peak only with a broad resonance 
(somewhat obscured by aromatic signals) around δ 7.3.  Careful reinspection of the 1-D 
spectrum does show a broad feature at this location. 
Figure 4.4 COSY of the reaction of thiobenzoic acid and benzyl isonitrile in toluene-d8 
after 170 mins at 12 °C.a 
 
aSquares correspond to (Z)-12sa, diamonds to (E)-12sa and circles to intermediate 3 (15). 
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 Immediately after the COSY experiment13, a NOESY was taken (τ = 0.5 secs, 
Figure 4.5).  The only non-aromatic NOE cross peak observed was between the δ 9.06 
triplet and δ 4.37 doublet, suggesting that this set of resonances belongs to (E)-12sa, 
since this geometry would have the smallest through space distance between the 
thioimidate and benzyl protons.  From this deduction we assigned the resonances at δ 
9.16 and 4.48 (J = 2.4 Hz) to (Z)-12sa.  There was also an NOE correlation between the 
doublets at δ 8.70 and 3.39 that belong to 15. 
Figure 4.5 NOESY of the reaction with thiobenzoic acid and benzyl isonitrile after 340 
mins. in toluene-d8 at 12 °C. 
 
          aDiamonds correspond to (E)-12sa and circles to intermediate 3 (15). 
 
In another experiment at 6 °C (1:1 10a:1s each 0.1 M, toluene-d8, 500 MHz) a 13C 
NMR (Figure 4.6) was obtained.  Benzyl isonitrile gives δ 160.4 and 44.3 (a 1:1:1 
triplet).  The product 11sa gives δ 46.78, 171.64 and 195.09.  The side products, N-
benzylthioformamide 14sa and benzoic thioanhydride 13sa, give δ 46.61/188.17 and δ 
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184.12, respectively.  The thioformimidates of (Z)-12sa and (E)-12sa occur at δ 148.06 
and 157.21 respectively, while the thioester carbonyls are at δ 188.28 and 185.72.  This 
leaves the peak at δ 191.37 for 15.  These 13C assignments were corroborated with HSQC 
and 13C HMBC experiments.  Thus, the thioformimidate carbons and benzyl carbons of 
(Z)-12sa, (E)-12sa and 15 each correlate with the protons previously assigned to these 
species (the 13C resonance at δ 191.37 gives an HSQC correlation with the downfield 1H 
doublet at δ 8.7).  Similar correlations were established for 11sa and 14sa, while the 
correlations for 13sa are inferred. 
Figure 4.6 13C NMR of the reaction of thiobenzoic acid with benzyl isonitrile at 6 °C in 
toluene-d8.  
 
Two 15N HMBC experiments (optimized for 5 and 10 Hz couplings) showed that 
the protons at δ 8.70 and 3.39 for 15 are near a nitrogen.  A third 15N HMBC experiment 
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(optimized for 90 Hz coupling,9 Figure 4.7) showed that the broad resonance at δ 7.3 
corresponds to an N−H.  
Figure 4.7  15N HMBC of the reaction of thiobenzoic acid with benzyl isonitrile at 6 °C 
in toluene-d8. 
 
Unfortunately the identity of 15 remains unknown.  Future experiments will look 
at the possibility of the structure in Figure 4.8, suggested by Professor Samuel J. 
Danishefsky.  The lack of an identifiable thioester carbonyl signal in the 13C experiments 
casts some doubt on this possibility.   




A summary of structural information is provided in Figure 4.9.  The imidate half 
of the molecules has been well corroborated by 2-D NMR experiments.  Less information 
has been obtained about the thioester half, due to the lack of NMR-active nuclei in this 
moiety.  One would like to obtain IR data for this portion of the molecule, but low 
temperatures would be required for intermediate observation and the plethora of carbonyl 
containing compounds present in the reaction mixture would make assignment difficult 
(Figure 4.10). 
Figure 4.9 Summary of structural information for the intermediates in the reaction of 
thiobenzoic acid and benzyl isonitrile. 
 












































 We attempted to monitor the starting material (1s and 10a), the intermediates 
((Z)-12sa, (E)-12sa, and 15), the product (11sa) and the byproduct (14sa) in a kinetics 
experiment.  We hoped to use Kintecus,14 a kinetics simulation program, to validate one 
of the possible mechanisms.  First, we obtained T1 values for the benzyl protons in the 
product, (N-benzyl-N-thioformylbenzamide 11sa), and for the methyl protons in the 
internal standard hexamethylcyclotrisiloxane – HMCTS – (1.7 secs and 3.4 secs, 
respectively).  In view of these results each kinetics point was obtained with a series of 
three pulses 14.3 seconds apart (and a spectrum width of 12 ppm),15 with 171 seconds 
between each of the first 30 points and 317 secs between each of the last 33 points.  
Thiobenzoic acid (10a, 0.002 M, benzene-d6, with HMCTS as an internal standard) was 
treated with 10 equiv benzyl isonitrile (1s) in a 500 MHz NMR maintained at 25 °C.16  
The concentration of each species as a function of time is shown in Figure 4.11. 
Figure 4.11 A plot of the concentration of each species during the course of the reaction 




 The product forms more slowly than the starting materials are consumed leading 
to the accumulation of the three intermediates (Z)-12sa, (E)-12sa and 15.  The relative 
amounts of (Z)-12sa to (E)-12sa to 15 vary little with time so it is impossible to say in 
what sequence they are formed; Kintecus was able to fit all the sequences that we tried.  
Thus, the mechanisms represented in Scheme 4.2 are kinetically indistinguishable. 
Scheme 4.2 The kinetically indistinguishable mechanisms in the reaction of thiobenzoic 
acid with benzyl isonitrile. 
 
While this study is still in progress, the best that can be achieved is identifying 
intermediate 3 (15) and then inferring, by chemical intuition, a mechanism.  For example, 
it is kinetically possible (but not chemically reasonable) to suggest that the product forms 
from (Z)-12sa, as the lone pair on nitrogen in that intermediate is on the opposite side of 
the thioester carbonyl in the plane (Figure 4.12). 




Repeating the kinetics in CD3CN confirmed that the dramatic solvent effect using 
carboxylic acids (Chapter 2) is not observed with thioacids.  Recall that Chupp reported 
the reaction to be efficient in both benzene and ether1 (βbenzene = 0.10, βether = 0.47, and 
βCH3CN = 0.31)2 — not surprising due to the lower propensity of S−H to donate hydrogen 
bonds. 
4.4 Experimental Section 
All deuterated solvents were dried with activated 4 Å molecular sieves.  Toluene 
and dichloromethane (DCM) were purified by a Grubbs system.17  Thioacetic acid and 
thiobenzoic acid were commercially available, distilled under argon and stored at −15 °C. 
MS refers to low resolution mass spectroscopy performed on a JEOL JMS-
LCmate liquid chromatography mass spectrometer using the CI+ (MeOH).  NMR spectra 
of new N-thioformylamides (11) were recorded with a 300 or 400 MHz Bruker 
spectrometer in CDCl3 and are referenced to TMS or CHCl3 (1H δ7.26 / 13C δ77.16).  IR 
spectra were obtained neat as a thin film on a NaCl salt plate. 
The NMR probe temperature was calibrated with a chemical shift thermometer 
(99.97% MeOH + 0.03 % HCl).16 
Purification of benzyl isonitrile (1s): 
Following the procedure described for isonitrile syntheses in Chapter 1.7, after 
chromatography with DCM and concentrating by rotary evaporation, the foul smelling 
liquid was pumped in vacuo at 0 °C for at least 7 days to remove the last traces of 
dichloromethane and diisopropyl amine.  1s slowly becomes brown on storage (−15 °C).  
The brown color (likely isonitrile oligomer, see Chapter 1.2) was removed by filtration 
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through a short plug (~1 inch in a 5 inch pipette) of silica gel to give a clear colorless 
liquid prior to each use. 
Table 4.2 Monitoring the amount of the various species in the reaction of thiobenzoic 















10 6.7 5.2 12 2.3 0.9 73 
20 6.7 5.1 13 2.8 1.6 71 
70 7.1 5.0 17 3.3 2.2 65 
130 6.8 5.3 22 4.5 3.4 57 
260 6.6 4.4 28 5.2 6.5 50 














Spectra data used for the characterization that is described in the text 
 
















































































Kinetics Data (Plots follow the raw data table) 
Time(s)   (Z)-12sa (E)-12sa 15 11sa 14sa 
20 1.15E-04 1E-04 3.23E-05 2.46E-05 1.0047E-05 
192 3.29E-04 0.000259 7.88E-05 4.02E-05 1.74E-05 
364 4.69E-04 0.000353 1.28E-04 1.07E-04 2.48E-05 
536 5.02E-04 0.000383 1.56E-04 1.72E-04 3.34E-05 
708 4.77E-04 0.000367 1.58E-04 2.31E-04 4.06E-05 
880 4.59E-04 0.000352 1.64E-04 2.91E-04 4.67E-05 
1052 4.35E-04 0.000336 1.65E-04 3.51E-04 3.80E-05 
1224 4.08E-04 0.00031 1.55E-04 4.04E-04 4.68E-05 
1396 3.89E-04 0.000283 1.60E-04 4.55E-04 5.31E-05 
1568 3.65E-04 0.00026 1.50E-04 4.95E-04 5.64E-05 
1740 3.46E-04 0.000233 1.48E-04 5.41E-04 5.92E-05 
1912 3.37E-04 0.00022 1.41E-04 5.72E-04 6.10E-05 
2084 3.30E-04 0.000193 1.37E-04 6.04E-04 6.55E-05 
2256 3.08E-04 0.000173 1.35E-04 6.27E-04 6.02E-05 
2428 3.09E-04 0.000158 1.28E-04 6.58E-04 6.74E-05 
2600 2.95E-04 0.00015 1.23E-04 6.86E-04 7.14E-05 
2772 2.83E-04 0.000136 1.23E-04 7.08E-04 7.26E-05 
2944 2.80E-04 0.000127 1.22E-04 7.28E-04 7.51E-05 
3116 2.67E-04 0.000118 1.16E-04 7.45E-04 8.38E-05 
3288 2.54E-04 0.000112 1.19E-04 7.72E-04 8.35E-05 
3460 2.51E-04 9.94E-05 1.18E-04 7.73E-04 8.73E-05 
3632 2.44E-04 0.000102 1.16E-04 7.89E-04 8.89E-05 
3804 2.35E-04 8.97E-05 1.13E-04 8.11E-04 9.49E-05 
3976 2.25E-04 9.62E-05 1.10E-04 8.19E-04 9.57E-05 
4148 2.18E-04 8.3E-05 1.09E-04 8.21E-04 9.79E-05 
4320 2.20E-04 7.75E-05 1.10E-04 8.44E-04 9.73E-05 
4492 2.09E-04 7.54E-05 1.03E-04 8.46E-04 1.01E-04 
4664 2.00E-04 6.64E-05 9.82E-05 8.49E-04 1.03E-04 
4836 1.95E-04 6.53E-05 9.70E-05 8.71E-04 1.13E-04 
5008 1.95E-04 7.01E-05 9.50E-05 8.72E-04 1.01E-04 
5325 1.79E-04 5.58E-05 9.62E-05 8.93E-04 1.05E-04 
5642 1.68E-04 6.35E-05 9.28E-05 9.14E-04 1.14E-04 
5959 1.54E-04 5.52E-05 9.05E-05 9.11E-04 1.13E-04 
6276 1.56E-04 4.58E-05 8.52E-05 9.28E-04 1.16E-04 
6593 1.47E-04 4.57E-05 8.64E-05 9.43E-04 1.14E-04 
6910 1.31E-04 4.49E-05 8.45E-05 9.38E-04 1.17E-04 
7227 1.27E-04 4.87E-05 8.31E-05 9.54E-04 1.16E-04 
7544 1.24E-04 5.11E-05 8.39E-05 9.70E-04 1.27E-04 
7861 1.23E-04 4.48E-05 7.78E-05 9.63E-04 1.24E-04 
8178 1.12E-04 3.64E-05 7.19E-05 9.79E-04 1.30E-04 
8495 1.14E-04 3.58E-05 7.19E-05 9.86E-04 1.25E-04 
8812 1.00E-04 4.07E-05 6.54E-05 9.92E-04 1.27E-04 
9129 1.02E-04 2.98E-05 6.86E-05 1.00E-03 1.28E-04 
9446 9.38E-05 3E-05 6.56E-05 1.01E-03 1.35E-04 
9763 9.15E-05 2.85E-05 6.25E-05 1.01E-03 1.35E-04 
10080 8.59E-05 3.73E-05 6.04E-05 1.02E-03 1.36E-04 
10397 8.01E-05 2.83E-05 6.20E-05 1.01E-03 1.34E-04 
10714 8.59E-05 2.92E-05 5.46E-05 1.02E-03 1.40E-04 
11031 7.89E-05 2.76E-05 5.88E-05 1.03E-03 1.36E-04 
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11348 7.29E-05 2.73E-05 5.43E-05 1.03E-03 1.31E-04 
11665 6.98E-05 2.85E-05 5.84E-05 1.02E-03 1.40E-04 
11982 6.82E-05 2.77E-05 4.17E-05 1.04E-03 1.44E-04 
12299 6.36E-05 1.82E-05 4.86E-05 1.02E-03 1.40E-04 
12616 6.22E-05 2.67E-05 4.29E-05 1.06E-03 1.42E-04 
12933 5.66E-05 2.28E-05 4.62E-05 1.03E-03 1.38E-04 
13250 5.46E-05 2.58E-05 4.57E-05 1.05E-03 1.41E-04 
13567 5.42E-05 2.37E-05 4.01E-05 1.04E-03 1.40E-04 
13884 5.01E-05 2.19E-05 4.58E-05 1.06E-03 1.42E-04 
14201 5.00E-05 2.35E-05 4.41E-05 1.05E-03 1.43E-04 
14518 4.16E-05 1.76E-05 4.44E-05 1.04E-03 1.43E-04 
14835 4.67E-05 1.46E-05 4.00E-05 1.04E-03 1.38E-04 
15152 4.25E-05 1.91E-05 3.66E-05 1.05E-03 1.43E-04 

















































































































































































































In the course of examining substrates and conditions for the kinetic studies several 
new N-thioformamides (11, Table 4.3) have been prepared and characterized.  Using the 
chemical ionization method for mass spectroscopy, an M-43 corresponding to loss of 
C=S from the N-thioformyl moiety was observed in all N-thioformamide products, which 
is analogous to the M-27 deformylation observed with N-formylamides (Chapter 3).  
Copies of 1H and 13C NMR can be found in the Appendix.   
Table 4.3 New N-thioformylamides (11) synthesized and characterized.a 
 

















aThioacid and isonitrile each 0.1 M in toluene stirred at room temperature overnight. 
 
b
ca. 90% pure.  cThioacetic acid in DCM was syringe pumped over the course of 12 h. 
 
Representative Procedure for the Synthesis of N-Thioformylamides: N-Pentyl-N-
thioformylbenzamide (11ba). 
To a stirring solution of thiobenzoic acid (10a, 33 mg, 0.24 mmol) in toluene (2.4 mL, 
0.1 M) was added 1 equiv of n-pentyl isonitrile (1b, 30 µl, 0.24 mmol).  The reaction 
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mixture slowly developed a yellow color as it was allowed to stir at room temperature 
overnight.  After removing volatiles in vacuo, isolation was achieved by silica gel flash 
chromatography using 9:1 hexanes:ethyl acetate, Rf = 0.3, giving 28 mg (50%) as a 
yellow oil.  1H NMR (300 MHz, CDCl3, δ): 0.89-0.94 (m, 3H, CH3), 1.34-1.39 (m, 4H, 
CH3CH2CH2), 1.71-1.77 (m, 2H, N-CH2CH2), 4.28-4.34 (m, 2H, N-CH2), 7.46-7.58 (m, 
5H, Ar), 10.15 (s, 1H, CHS).  13C NMR (100 MHz, CDCl3, δ): 14.1, 22.4, 26.5, 29.2, 
44.8, 129.1, 129.1, 132.45, 133.1, 172.7, 196.1.  MS: 236 (M+1), 192 (M-43). IR (cm-1): 
1698, 1439, 1413.  
N-Pentyl-N-thioformylacetamide (11bb).  
Starting from thioacetic acid (10b, 20 µl, 0.28 mmol) and 1b (36 µl); purification using 
4:1 hexanes:ethyl acetate gave 15 mg (30%) as a yellow oil.  1H NMR (300 MHz, CDCl3, 
δ): 0.898 (t, J=6.8 Hz, 3H, CH2CH3), 1.28-1.36 (m, 4H, CH3CH2CH2), 1.55-1.62 (m, 2H, 
N-CH2CH2), 2.46 (s, 3H, C(O)Me), 4.10-4.16 (m, 2H, N-CH2), 10.39 (s, 1H, CHS). 13C 
NMR (75 MHz, CDCl3, δ): 14.1, 22.4, 22.7, 26.5, 29.1, 44.1, 170.7, 193.8. MS: 174 
(M+1), 130 (M-43).  IR (cm-1): 1714, 1439, 1416.  
N-(2,6-Dimethylphenyl)-N-thioformylacetamide (11db). 
Starting from 10b (34 µl, 0.48 mmol) and 2,6-xylyl isonitrile (1d, 63 mg); purification 
using 4:1 hexanes:ethyl acetate, Rf = 0.37, gave 88 mg (88%) as a yellow solid.  1H NMR 
(300 MHz, CDCl3, δ): 2.00 (s, 3H, C(O)Me), 2.11 (s, 6H, Ar-Me2), 7.17-7.29 (m, 3H, 
Ar), 10.80 (s, 1H, CHS).  13C NMR (100 MHz, CDCl3, δ): 17.65, 23.1, 129.19, 129.64, 






Starting from 10a (77 mg, 0.56 mmol) and 2-chloro-6-methylphenyl isonitrile (1e, 84 
mg); purification using 94:6 hexanes:ethyl acetate, Rf = 0.2, gave 156 mg (97%) as a 
yellow solid.  1H NMR (300 MHz, CDCl3, δ): 2.19 (s, 3H, Me), 7.18-7.67 (m, 8H, Ar), 
10.54 (s, 1H, CHS).  13C NMR (75 MHz, CDCl3, δ): 18.3, 127.88, 128.75, 128.77, 
129.52, 130.19, 132.31, 132.52, 132.65, 134.59, 138.30, 169.97, 194.7.  MS: 290 (M+1).  
IR (cm-1): 1697, 1599, 1579. 
N-(Naphthalen-2-yl)-N-thioformylacetamide (11ib). 
Starting from 10b (31 µl, 0.44 mmol) and 2-naphthyl isonitrile (1i, 67 mg); purification 
using 4:1 hexanes:ethyl acetate, Rf = 0.3, gave 71 mg (70%) as a yellow solid.  1H NMR 
(300 MHz, CDCl3, δ): 2.12 (s, 3H, C(O)Me), 7.19-7.24 / 7.55-7.66 / 7.84-8.00 (each m, 
total 7H, Ar), 10.96 (s, 1H, CHS).  13C NMR (125 MHz, CDCl3, δ): 24.3, 125.56, 127.23, 
127.62, 127.65, 128.15, 128.32, 130.47, 133.38, 133.77, 136.0, 169.67, 195.70, 195.81.  
MS: 230 (M+1).  IR (cm-1): 1724, 1631, 1590, 1509.  
N-(4-Methoxyphenyl)-N-thioformylacetamide (11fb). 
Starting from 10b (62 mg, 0.466 mmol) and 4-methoxyphenyl isonitrile (1f, 67 mg); 
purification using 4:1 hexanes:ethyl acetate, Rf = 0.2, gave 68 mg (70%) as an impure 
yellow solid.  1H NMR (300 MHz, CDCl3, δ): 2.10 (s, 3H, C(O)Me), 3.8 (s, 3H, OMe), 
7.00-7.08 (m, 4H, Ar), 10.87 (s, 1H, CHS).  13C NMR was not recorded due to modest 
purity.  MS: 209 (M+1), 167 (M-43).  IR (cm-1): 1722, 1607, 1588, 1510. 
N-(2-Chloro-6-methylphenyl)-N-thioformylacetamide (11eb). 
Starting from 10b (31 µl, 0.44 mmol) and 1e (67 mg); purification using 6:1 
hexanes:ethyl acetate, Rf = 0.4, gave 98 mg (98%) as a yellow solid.  1H NMR (300 
141 
 
MHz, CDCl3, δ): 2.06 (s, 3H, C(O)Me), 2.17 (s, 3H, Ar-Me), 7.25-7.42 (m, 3H, Ar), 
10.75 (s, 1H, CHS).  13C NMR (75 MHz, CDCl3, δ): 18.0, 23.0, 128.29, 129.87, 130.60, 
132.46, 134.80, 138.21, 169.0, 193.17.  MS: 228/230 (M+1), 184/186 (M-43).  IR (cm-1): 
1731, 1594, 1574. 
N-Cyclohexyl-N-thioformylacetamide (11ab). 
Thioacetic acid in DCM (5 mL, 0.2 M stock solution, 0.1 mmol) was syringe pumped 
under argon into a 25 mL flame-dried round-bottom flask containing 1 equiv of 
cyclohexyl isonitrile (0.124 mL, 0.1 mmol) in DCM (5 mL, 0.2 M) at a rate of 0.4 mL/h -
extra solution was taken up to account for the dead volume in the syringe.  The reaction 
was stirred at room temperature for an additional 10 h before volatile residues were 
removed in vacuo and isolation by silica gel flash chromatography using 4:1 
hexanes:ethyl acetate, Rf = 0.4, giving 168 mg (91%) as a yellow liquid.  1H NMR (300 
MHz, CDCl3, δ): 1.24-2.27 (4 × m, 10H, Cy-ring), 2.44 (s, 3H, C(O)Me), 5.18 (m, 1H, 
N-CHCy-ring), 10.31 (s, 1H, CHS).  13C NMR (100 MHz, CDCl3, δ): 24.25, 25.35, 26.39, 
28.65, 57.37, 171.64, 194.75.  MS: 186 (M+1), 142 (M-43).  IR (cm-1): 1716, 1417.  
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 A longstanding goal in the Norton group is the catalysis of epoxide ring opening 
to the straight chain terminal alcohol (Scheme 5.1). 
Scheme 5.1 Proposed catalysis of epoxide ring opening with transition metal hydrides. 
 
 As a more stable model of protonated epoxides,1 the reaction of the isoelectronic 
aziridinium cations (1) with ruthenium hydride complexes (2) was studied by Guan, 
Norton and co-workers.2  Hydride transfer to alkyl aziridinium cations (1a−1c)3 was 
found to occur at the less substituted carbon.  Furthermore, less substituted aziridiniums 





                                                 
*
 Chapter 5 is a collaboration with Mr. Zheren J. (Jim) Yang, a Norton graduate student.  He proposed a 
synthetic route to the phenyl azetidinium, carried out the first three reactions, performed the mechanistic 
work in Section 5.3 and most of the product ratio experiments in Section 5.4.  I revised the synthetic route 
as described in Scheme 5.7, synthesized and characterized the phenyl azetidinium, synthesized authentic 
samples of the ring open products, performed a few of the product ratio experiments in Section 5.4 and 
probed one electron chemistry in Section 5.5. 
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Figure 5.1 Alkyl aziridinium ring opening by hydride transfer from CpRu(dppm)H.a 

































aAfter hydride transfer, CH3CN traps the resulting 16-electron Ru cation giving a stable complex.   
dppm = bis(diphenylphosphino)methane. 
 The phenyl aziridinium (1d)3 opened with opposite regioselectivity, with hydride 
transfer occurring at the more substituted carbon, giving mostly the straight chain product 
(eq 1).  The change in regioselectivity is consistent with ring opening of aziridiniums by 
other nucleophiles.4  Independently, it was shown that the straight chain product amine 
can react with 1d, giving the ring opened cation as a minor product.  The reaction in eq 1 
was demonstrated to be second order, first order each in 1d and 2a, with a rate constant k 
= 1.30(2) × 10-3 M-1s-1 at –64 °C (a rate constant that will be compared with that of an 
azetidinium in Section 5.3).   
 
 The reactions of 1a-c in the presence of catalytic amounts of 2a under 50 psi H2 
gave the same product ratios as the stoichiometric reactions shown in Figure 5.1.  With 
1d, a 50:1 ratio favoring the straight chain product was observed without formation of the 
ring opened cation product.  This result can be understood in terms of the catalytic cycle 
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in Scheme 5.2, where deprotonation of the dihydrogen complex by the product amine is 
faster than nucleophilic attack on 1d.  Acetonitrile is not added to catalytic reactions 
because [CpRu(dppm)MeCN]+ cannot take up H2. 













Single electron transfer from Cp*Ru(dppf)H (2b) to 1d (eq 2) was demonstrated 
by variable temperature 1H NMR.2  (The one-electron chemistry of the aziridinium cation 
1d will be compared with that of an azetidinium in Section 5.5.)  The observed line 
broadening of the hydride signal (a triplet due to coupling with two equivalent 31P, Figure 
5.2) indicates rapid one-electron self exchange between the radical cation (3b)5 and 
hydride 2b (eq 3).6  At lower temperatures, a sharp signal was observed with electron 
exchange being slow relative to the NMR time scale.  The inability of 2b to transfer 
hydride to 1d and the inability of 3b to transfer H· to the ring opened radical was 
attributed to steric congestion around the Ru complex. 
 
 
dppf = 1,1’-Bis(diphenylphosphino)ferrocene 
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Figure 5.2 1H NMR of the hydride resonance in the reaction of a phenyl aziridinium 
cation with Cp*Ru(dppf)H as a function of temperature. 
 
 
Slow formation of the dihydride cation, [Cp*Ru(dppf)(H)2]+ (4b), was observed 
during the reaction in eq 2.  The formation of 4b is in accord with the known 
disproportionation of 3b (eq 4).6-7  Radical cations of hydride complexes are known to be 
kinetically acidic.8  
 
The addition of cobaltocene (eq 5) restored the sharp hydride signal, also 
supporting the involvement of 3b.   
 
 In contrast to aziridiniums, fewer studies of the homologous azetidinium cation 
(5) ring opening have been reported.  Couty and co-workers find preferential nucleophilic 
attack on the α-unsubstituted position of azetidiniums (Scheme 5.3),9 consistent with 
other reports.10  In a review they state, “…[when] substrates possess an unsubstituted 
carbon α to the nitrogen, the nucleophile preferably attack[s] this position.  This occurs 
regardless of the nature of the incoming nucleophile and the nature of the substituent on 
the other position …”.9d  Despite the variety of substitution patterns studied by this group, 
they did not test a single aryl-substituted azetidinium until recently;11 the recent case 
147 
 
involved a phenyl on a quaternary carbon (vide infra).  When both α positions are 
substituted, nucleophiles preferentially attack at the electron-poor site (the more 
electrophilic carbon).12  These observations are consistent with an SN2 mechanism. 
Scheme 5.3 Regioselectivity of nucleophilic ring opening of alkyl azetidinium cations. 
 
      
 A notable reversal of selectivity occurs in azetidiniums that contain a quaternary 
center α to the nitrogen (Scheme 5.4).11-13  Surprisingly, the quaternary position was 
attacked in preference to a less substituted α-position, except when the quaternary 
position was a spiro cyclic carbon.  In an enantio-enriched substrate, a single 
diastereomer of the product was obtained.  This observation suggests that an SN2 
mechanism is still operating and that attack at the quaternary position is intrinsically 
favored.  It was suggested that steric crowding around two adjacent quaternary centers 
weakens the C−N bond and results in nucleophilic attack at this site in preference to an 
unsubstituted position.  Support for this hypothesis was offered by bond lengths obtained 
by an X-ray structure14 and calculations of the positive charge distribution in the cation 







Scheme 5.4 Regioselectivity of nucleophilic ring opening of azetidinium cations that 
contain a quaternary center. 
 
   
Figure 5.3 Bond lengths and calculated charge distribution in a quaternary substituted 
azetidinium.11 
 
In their transformation of amino benzylic alcohols to corresponding aryloxy 
amines (eq 6), O’Brien et al. proposed that the reaction proceeds through an azetidinium 
cation intermediate.15  If this reasonable conjecture is true, then it would represent an 
example of an aryl azetidinium undergoing nucleophilic attack at the benzylic position in 
preference to attack at the unsubstituted position (Scheme 5.5). 
 
Scheme 5.5 Proposed mechanism for the formation of 3-aryloxy-3-aryl-1-amines via an 




 To our knowledge, the only study comparing the rate of the nucleophilic ring 
opening of an aziridinium cation to the rate of opening of the corresponding azetidinium 
cation has been reported by Couty.9e  By measuring the second order rate constants, they 
found that DMAP opened an alkyl aziridinium (kazir = 1.84 M-1s-1) ca. 17,000 times faster 
than the analogous alkyl azetidinium (kazet = 1.4 × 10-4 M-1s-1, Figure 5.4) at 20 °C in 
CH3CN.  A similar ratio of rates was found when 4-pyrrolidinopyridine was used at 20 
°C.  In these cases the less substituted α-carbon was preferentially attacked. 
Figure 5.4 Comparison of the rate of nucleophilic ring opening by DMAP on an 
aziridinium cation vs an azetidinium cation.9e 
 
The Couty group did report the ring opening of azetidinium cations with LiAlH4 
and borohydrides giving the regioselectivity described in Scheme 5.3.9a, 16  However, they 
did not try an aryl substituted azetidinium.  The Ghorai group has studied α-aryl 
azetidiniums and found preferential nucleophilic attack at the benzylic position.4g, 17  
However, they did not try a hydride source and some of their studies had not been 
published at the start of our work. 
Prior to the work described in Sections 5.2−5.6, neither the transition metal 
hydride transfer nor the catalytic ring opening of azetidinium cations had been reported.  
Of particular interest to us was a comparison of the rate of ring opening of 1d to the 
analogous, but unknown, azetidinium.  Electrochemistry of azetidinium cations also has 
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not been reported, which means that their propensity for one electron reduction has been 
unknown. 
5.2 Synthesis of a phenyl azetidinium perchlorate salt 
 Commonly, azetidinium cations (5) are prepared by quaternization of the parent 
azetidine.  Azetidine rings are typically closed by intramolecular nucleophilic attack by 
an amine (Scheme 5.6, method 1).18  Couty recently explored the use of a stabilized 
carbanion as the intramolecular nucleophile (method 2) which previously received scant 
attention.9d, 19 














However, on the strength of a few syntheses of azetidiniums by directly closing 
tertiary amines20 and the preparation of aziridinium (1c),2-3 the modified route in Scheme 
5.7 was undertaken.  From the commercially available ketone, NaBH4 reduction in 
MeOH gives the known alcohol.21  Subjecting the latter to Appel conditions22 gives the 
known bromo-chloro alkane (6a) in good yield.21  Nucleophilic displacement of the 
bromide in 6a by pyrrolidine gives amine 7a, which is isolated by chromatography on 
Florisil.  Unfortunately, the yield of 7a is limited by side product(s) formation (at least 
one of which contains alkene signals in the crude 1H NMR).  Finally, treatment of 7a 
with silver perchlorate overnight in the dark gives the azetidinium perchlorate (5a) as a 
colorless oil.  Compounds 7a and 5a have been characterized by 1H & 13C NMR, IR and 
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LRMS.  Products consistent with the ring opening of an azetidinium cation are described 
below, further supporting the assignment of 5a. 
Scheme 5.7 The synthesis of a phenyl-substituted azetidinium cation. 
 
 
5.3 Mechanism, temperature dependence and catalysis of ruthenium hydride ring 
opening of a phenyl azetidinium cation. 
 One would presume that stoichiometric hydride transfer to 5a is a second order 
process, first order in each 5a and the metal hydride.  Jim Yang confirmed this rate law 
by monitoring the disappearance of 5a in the reaction with at least a 10-fold excess of 
CpRu(dppm)H (2a) at several different concentrations of 2a with toluene as an internal 
standard in CD2Cl2 at 52.5 °C.  The slow reaction required the addition of 1% TEMPO to 
stabilize 2a in CD2Cl2.  CH3CN was added to trap the 16-electron Ru cation formed after 
hydride transfer.  Each pseudo-first order kinetics experiment confirms that the reaction 
is first order in 5a and gives a kobs.  By plotting kobs vs [CpRu(dppm)H], a linear plot is 
obtained (Figure 5.5), confirming that the reaction is first order in 2a.  The slope gives 
the second order rate constant, k52.5 °C = 1.44(5) × 10-3 M-1s-1.  The intercept is small with 
an error a third of its magnitude (essentially zero).  In all cases, the straight chain product 




Figure 5.5 Plot of kobs vs [CpRu(dppm)H], demonstrating overall second order kinetics. 
    
 
 
The rate constant measured at 52.5 °C for 5a is comparable to the rate constant 
previously measured for the analogous aziridinium 1d at −64 °C (kazir = 1.30(2) × 10-3  
M-1s-1), indicating a dramatic difference in reactivity between 1d and 5a.   
The reaction between 2a and 5a proved to be sluggish even at room temperature.  
In order to obtain a quantitative comparison in the rate of ring opening between 1d and 
5a, Jim measured the rate of 2a + 5a at six different temperatures.  The exponential and 
linear fits are shown in Figure 5.6.  The linear fit gave a low R2 value (0.989), however 
the data fit well to the exponential form (R2 = 0.995).  (The exponential form is more 
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statistically appropriate anyway.23)  The exponential fit gives activation parameters (∆H‡ 
= 17.4(7) kcal mol-1, ∆S‡ = −18(2) cal mol-1K-1) that are reasonable for a second-order 
process.  The parameters calculated from the linear fit (∆H‡ = 16.9(9) kcal mol-1, ∆S‡ = 
−20(3) cal mol-1K-1) are within the error of those from the exponential fit.  At all 
temperatures the product ratio was ca. 4:1 in favor of the straight chain product 8a. 
Figure 5.6 The temperature dependence of the reaction of a phenyl azetidinium cation 
with excess CpRu(dppm)H in CD2Cl2. 
 
 
                                    A                                                                     B 
 
(A) Plot of ln(k/T) vs 1/T. 











= , R2 = 0.9955. 
 
When extrapolating rate constants as a function of temperature the covariance of 
∆H‡ and ∆S‡ must be factored into the uncertainty.24  Using the Norton group 
extrapolation software Kinpar the rate constant at –64 °C was found to be 4.2(3.2) × 10-10 
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M-1s-1.  Taking the upper and lower limits of this range and dividing by the aziridinium 
1d rate constant (k
-64°C = 1.30(2) × 10-3 M-1s-1) implies that Ru hydride ring opening of 1d 
is 106 – 107 times faster than the analogous process with the azetidinium 5a.   
The large difference in reactivity between 1d and 5a cannot be explained by ring 
strain energies alone since the difference is estimated to be only about 2.1 kcal/mol.25  A 
similar conclusion was reached in Couty’s study of the rates of ring opening using 
DMAP.9e  They fit the difference in electrophilicity between the azetidinium and the 
aziridinium to Mayr’s scale of electrophilicity and nucleophilicity (eq 7), where N is the 
strength of a nucleophile, E is the strength of an electrophile and s is the sensitivity of the 
nucleophile on the variation of the electrophile.26   
LOG(k20 °C) = s(N + E)                                                 (7)   
Couty’s aziridinium (E = −14.4) was estimated to be as electrophilic as a 
stabilized benzhydrilium cation, while his azetidinium (E = −20.7) was comparable to the 
weaker electrophile benzylidene malonate.  So, despite similar ring strains aziridiniums 
appear to be much more electrophilic. 
 
 It has proved possible to open azetidinium 5a with H2 and catalytic amounts of 
hydride.  When 5a (0.11 M, CD2Cl2) was treated with 20 mol% 2a in a sapphire NMR 
tube under 150 psi H2 overnight at 60 °C, a 5:1 product ratio favoring the straight chain 
product was obtained.  This ratio is negligibly different from those in the stoichiometric 
reactions using excess 2a.   
The proposed catalytic mechanism is given in Scheme 5.8.  After ring opening of 
5a the resulting ruthenium cation complex takes up H2, forming a dihydrogen complex.  
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Such complexes are known to be acidic27 and can therefore be deprotonated by the 
product amine (8a or 9a) to regenerate 2a.28  CH3CN is not added to catalytic reactions 
because it would trap the 16-electron Ru cation as [CpRu(dppm)MeCN]+ (which cannot 
take up H2 and would shut down the catalytic cycle).  To our knowledge, this is the first 
example of a catalytic ring-opening hydrogenation of an azetidinium cation.  
Scheme 5.8 The mechanism of the catalytic ring opening of a phenyl azetidinium cation 

















5.4 Regioselectivity of ruthenium hydride ring opening of a phenyl azetidinium. 
Nucleophilic attack at the more substituted carbon is not usually favored unless a 
quaternary or benzylic position is present (Section 5.1).  Table 5.1 shows the 
regioselectivity with various hydride sources.  Ruthenium hydrides generally give 4:1 or 
5:1 selectivity in favor of 8a, the product from hydride attack at the more substituted 
benzylic position.  The selectivity appears to erode with more reactive hydride sources 
(i.e. borohydrides) and even reverses with LiAlH4.  Diisobutylaluminum hydride 
(DIBAL) failed to react with 5a at room temperature presumably due to steric congestion 




Table 5.1 Product ratios of the ring opening of a phenyl azetidinium with various hydride 
sources.a 
 
M-H Product Ratio (8a:9a)b 
CpRu(dppm)H (2a), 52.5 °C 4:1 
20 mol % 2a,  150 psi H2, 60 °C 5:1 
CpRu(dppe)Hc (2c), 52.5 °C 4:1 
NaBH4, 20 °C 2:1 
LiBEt3Hd, THF, 20 °C 1:1 
LiAlH4, 20 °C < 1:20 
DIBAL, toluene, 20 °C No Reaction 
DIBAL, CH2Cl2, 20 °C No Reaction 
aAll reactions in CH2Cl2 unless otherwise stated.  bProduct ratios estimated by 1H NMR 
analysis of the crude mixtures.  cdppe = 1,2-bis(diphenylphosphino)ethane. dSuperhyride, 
1 M THF solution added to 0.1 M THF solution of 5a. 
 
5.5 Probing one electron reduction of a phenyl azetidinium cation. 
 Electrochemical data for azetidinium cations have not been reported.  α-Aryl 
aziridiniums are 0.6 – 0.9 V more easily reduced than alkyl aziridiniums,29 probably 
because the resulting radical is benzylically stabilized.  The phenyl aziridinium 1d3 
undergoes single-electron reduction by Cp*Ru(dppf)H 2b (vide supra).2  Michael 
Eberhart, a Norton graduate student, has examined the reduction of 1d and found the 
irreversible Epc = −0.93 V vs FcH+/FcH in CH3CN (1d was previously measured in borax 
buffer29a).  We would expect α-aryl azetidiniums, such as 5a, to be among the most easily 
reduced azetidiniums.  However, the difference in reduction potentials between 
aziridiniums and azetidiniums is unclear.  As discussed earlier, there is a pronounced 
difference in electrophilicity despite the similarity in strain energy. 
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 A series of experiments have shown that 5a is significantly harder to reduce than 
1d.  A mixture of 5a and 1 equiv of decamethylferrocene (E1/2 = −0.59 vs FcH+/FcH)30 
showed no reaction after 1 day.  Cp*Ru(dppf)H (2b, E1/2 = −0.63 V) also gave no 
reaction.  After one day the 1H NMR of the latter reaction (Figure 5.7) showed that the 
hydride triplet (δ −12.65) and the characteristic azetidinium triplet (δ 5.98) were both 
unchanged.  There was no hydride transfer from 2b to 5a by any mechanism (2b failed to 
transfer hydride to 1d, (Section 5.1).  This is likely due to the steric bulk on 2b which is 
consistent with the failure of DIBAL to open 5a (Section 5.4). 
Figure 5.7 1H NMR of a phenyl azetidinium cation and Cp*Ru(dppf)H after standing at 
room temperature for 26 hours in CD2Cl2. 
 
 
Dr. Tony Shaw, a former Norton graduate student, and the present author have 
obtained cyclic voltammetry data for 5a (Figure 5.8).  Presumably the peak at Epc = −1.43 
V (vs FcH+/FcH) corresponds to the irreversible reduction of 5a; however as there are no 
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other electrochemical data reported for azetidiniums, and we only tested 5a, we cannot 
put this result in context.  The CV does lend credence to the stoichiometric experiments 
(5a + (Cp*)2Fe or 2b) that indicate 5a to be harder to reduce than 1d.  If the reduction 
peak does correspond to 5a, its potential is close to that of phenyl-iminium cation 10a 
(Epc =   −1.42 V vs FcH+/FcH); iminium 10a also does not react with hydride 2b.28b  The 
potential prompted us to treat 5a with (Cp*)2Co (E1/2 = −1.94 V vs FcH+/FcH)30.  As 
expected, 5a was consumed, but no organic products could be identified in the resulting 
complex mixture.  Repeating the reaction in the presence of excess 1,4-cyclohexadience 
as a proton donor source yielded some of the straight chain amine 8a (δ 2.65, J = 7.7 Hz) 
among the unidentified byproducts.  The branched product 9a was not detected by 1H 
NMR analysis of the crude reaction mixture. 
Figure 5.8 Cyclic voltammetry of a phenyl substituted azetidinium cation.a 
 
a5a (0.004 M) in CH2Cl2 with n-Bu4NPF6 (0.1 M) as the supporting electrolyte measured 
with platinum electrodes and a Ag+/Ag reference electrode.  FcH+/FcH is + 0.24 V vs 
Ag+/Ag.  Scan rate = 200 mV/s. 
 
We also measured the potential of 2a in CH2Cl2 and found it to be less reducing 
than other half-sandwich Ru-hydrides studied by the Norton group (Table 5.2).28b  A 
correlation between decreasing bisphosphine bite angles and (a) decreasing one-electron 
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reduction potentials and (b) increasing rates of hydride transfer was previously 
suggested.7b, 31  While many of the potentials in the table are irreversible peak potentials, 
all of the organic cations and all of the hydrides were each measured at the same scan rate 
(200 and 50 mV/s respectively).  As the difference between the potentials is large, none 
of the ruthenium hydrides in Table 5.2 should participate in single electron transfer with 
azetidinium cation 5a.  
Table 5.2 Summary of the relevant electrochemical potentials. 
Compound Volts (vs FcH+/FcH)a 
CpRu(dppm)H (2a)b Epa = −0.13 
CpRu(dppe)H (2c)b  Epa = −0.16c 
CpRu(dppf)Hb  E1/2 = −0.31c 
Cp*Ru(dppe)Hb  E1/2 = −0.51c 
Cp*Ru(dppf)H (2b)b  E1/2 = −0.63c 
(Cp*)2Fe   E1/2 = −0.59d 
 
   Epc = −0.93e,f 
 
Epc = −0.87c 
            
 Epc = −1.42c 
          
Epc = −1.43 
(Cp*)2Co   E1/2 = −1.94d 
 
aMeasured in CH2Cl2,28b unless otherwise stated. bPreviously measured in THF.6-7, 32  
cLiterature value. dLiterature value.30 ePreviously measured in aqueous borax buffer.29a  
fMeasured in CH3CN.  
 
5.6 Experimental Section 
Toluene, ether, methanol (MeOH) and dichloromethane (DCM) were purified by 
a Grubbs system.33  CD2Cl2 used in the kinetic runs was dried over activated molecular 
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sieves, degassed by three freeze-pump-thaw cycles and stored in an inert atmosphere 
glovebox.  CpRu(dppm)H34, CpRu(dppe)H34 and Cp*Ru(dppf)H6 were prepared as 
previously described. 
MS refers to low resolution mass spectroscopy performed on a JEOL JMS-
LCmate liquid chromatography mass spectrometer using the CI+ (MeOH) or FAB+ 
technique.  Characterization NMR spectra were recorded with a 300, 400 or 500 MHz 
Bruker spectrometer in CDCl3 and are referenced to TMS or CDCl3 (13C δ 77.16).  
Copies of NMR are in the appendix.  IR spectra were obtained neat as a thin film on a 
NaCl salt plate. 
The general electrochemistry procedure using DCM as the solvent was previously 
described.28b 
3-Chloro-1-phenylpropan-1-ol. 
Sodium borohydride (1.8 g, 1.1 equiv) was added in 4 portions to a 0 °C suspension of 3-
chloro-1-phenylpropan-1-one (7.4 g) in MeOH (110 mL, 0.4 M).  After stirring 2-3 h, the 
reaction mixture was quenched with an equal volume of brine and extracted 2× with 
DCM.  The combined DCM layers were washed with brine, dried over MgSO4 and 
evaporated to give 7 g (93%) of a pale yellow liquid.21 
(1-Bromo-3-chloropropyl)benzene (6a). 
Triphenylphosphine (9.97 g, 1 equiv) was added in 3 portions to a DCM solution (115 
mL, 0.33 M) of 3-chloro-1-phenylpropan-1-ol (6.5 g) and carbon tetrabromide (12.6 g, 1 
equiv) at room temperature.  After stirring 1 h, the reaction mixture was concentrated and 
then loaded onto a silica gel flash column.  Elution with hexanes, followed by DCM gave 




Pyrrolidine (0.59 mL, 2 equiv) was added dropwise to a solution of 6a (935 mg) in ether 
(5.5 mL, 0.65 M).  After stirring overnight the reaction mixture was extracted 3× with     
1 M HCl.  The aqueous layer was washed 2× with 5 mL DCM, 2× with 5 mL hexanes, 
neutralized with 6 M NaOH and then extracted 4× with ether.  The combined ether layers 
were dried over MgSO4, filtered, concentrated and loaded onto a Florisil flash column.  
Elution with 15:1 hexanes:ethyl acetate gave 0.27 mg (34 %) of a colorless oil.  1H NMR 
(300 MHz, CDCl3, δ): 1.71-1.76 (m, 4H, NringCH2CH2CH2CH2), 2.14-2.21 (m, 1H), 
2.34-2.55 (2 × m, 5H), 3.11-3.44 (2 × m, 3H, Ph-CH and Cl-CH2), 7.25-7.35 (m, 5H, 
Ar).  13C NMR (100 MHz, CDCl3, δ): 23.39, 38.72, 42.19, 52.67, 68.06, 127.53, 128.24, 
128.52, 141.71.  MS:  224/226 (M+1), 188 (M-35 = M-Cl-).  IR (cm-1): 2965, 2787, 1492, 
1453. 
1-Phenyl-4-azaspiro[3.4]octan-4-ium perchlorate (5a).  
 
To a suspension of silver perchlorate (1 equiv) in DCM (3 M) was added a solution of 7a 
(0.3 M) via pipette in the dark (two washes of 7a were added, each 1 M).  After stirring 
overnight, the reaction mixture was passed through a glass fiber filter and then 
evaporated to give a clear colorless oil.  Several runs on this scale gave yields 55-91%, 
70% average.  1H NMR (500 MHz, CDCl3, δ): δ= 1.59-1.63 (m, 1H), 2.00-2.07 (m, 2H), 
2.12-2.19 (m, 1H), 2.79-2.94 (2 × m, 2H), 3.20-3.29 (m, 1H), 3.37-3.43 (m, 1H), 3.65-
3.71 (m, 1H), 4.01-4.06 (m, 1H) 4.14-4.19 (m, 1H), 4.67 (q, J=9.4 Hz, 1H), 5.98 (t, J=9.4 
Hz, 1H), 7.54-7.55 (m, 5H, Ar).  13C NMR (100 MHz, CDCl3, δ): 20.0, 20.59, 21.17, 
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56.31, 60.98, 63.34, 76.45, 129.48, 129.79, 130.15, 131.73.  MS:  188 (M, cation).  IR 
(cm-1): 1461, 1059.  
Authentic samples of Products (8a and 9a) were prepared by literature 
methods.35  
General Procedure for the Kinetic Runs 
 In an inert atmosphere glovebox a stock solution of the azetidinium 5a (ca. 0.05 
M) with 40 µL toluene (as an internal standard) in CD2Cl2 was prepared.  An aliqout of 
known volume was added to a 1 mL volumetric flask followed by MeCN (9 µL), 
CpRu(dppm)H (2a), 1% TEMPO and the remaining solvent.  Most of the solution was 
transferred to a J-Young tube and removed from the glovebox.  The reaction was placed 
in a constant temperature bath.  Periodically, it was cooled in ice water before obtaining 
NMR data on a Bruker 500 MHz spectrometer.  As two products were being formed, the 
disappearance of the azetidinium was monitored by integrating the triplet at δ 5.9 against 
the toluene peak at δ 2.34.  Data were plotted and fitted on KaleidaGraph software. 
Kinetics data will be provided elsewhere.† 
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